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ABSTRACT
T h i s  s t u d y  was u n d e r t a k e n  t o  im p ro v e  t h e  e f f i c i e n c y  o f  
o x y g e n a t i o n  i n  a n  a i r - e n t r a i n e d  w a t e r  s y s te m .  B o th  c o - c u r r e n t  
an d  c o u n t e r - c u r r e n t  a i r - w a t e r  f lo w  c o n d i t i o n s  w e re  u s e d  i n  a  
c l o s e d - l o o p ,  d i f f u s e d  a e r a t i o n  s y s t e m ,  c o n s i s t i n g  o f  a  U-Tube 
w i t h  a  w a t e r  r e c i r c u l a t i n g  r e s e r v o i r  a t  t h e  t o p .  The U-Tube 
p o r t i o n  c o n s i s t e d  o f  i n t e r c h a n g e a b l e ,  tw o f o o t  s e c t i o n s  o f  
p l e x i g l a s s  t u b i n g ,  h a v i n g  a n  i n t e r n a l  d i a m e t e r  o f  4  i n c h e s ,  
w h i l e  t h e  r e s e r v o i r  was c o n s t r u c t e d  o f  p l e x i g l a s s  s h e e t s  h a v ­
i n g  i n t e r n a l  h o l d i n g  d i m e n s i o n s  o f  4 ^  x 2 x  T§ f t .
F o u r  s e p a r a t e  s y s t e m s  w e re  em p lo y ed  i n  t h i s  s tu d y :
S y s tem  I  was a  s im p le  w a t e r  c o lu m n ; S y s te m  I I  c o n s i s t e d  o f  
w a t e r  c i r c u l a t i o n  w i t h o u t  p u m p in g ,  e m p lo y in g  d i f f u s e d  a i r  a s  
t h e  c i r c u l a t i n g  m eans a n d  t h e r e b y  c r e a t i n g  a n  upw ard  c o - c u r ­
r e n t  a i r - w a t e r  f lo w ;  S y s te m  I I I  em ployed  w a t e r  c i r c u l a t i o n  
w i t h  p u m p in g ,  w i t h  a  c o n t r o l  on w a t e r  v e l o c i t y  s u c h  t h a t  
c o u n t e r - c u r r e n t  a i r - w a t e r  f lo w  was m a i n t a i n e d ;  an d  S y s tem  IV 
c o n s i s t e d  o f  w a t e r  c i r c u l a t i o n  w i t h  p u m p in g , w i t h  t h e  w a t e r  
v e l o c i t y  made l a r g e  eno u g h  t o  c r e a t e  a  downward c o - c u r r e n t  
a i r - w a t e r  f lo w .
Two c o m p le te  s e t s  o f  e x p e r i m e n t s  w e re  p e r f o r m e d ,  one 
u s i n g  r e m o v a b le  d i f f u s e r s  a s  a e r a t i o n  d e v i c e s  an d  t h e  o t h e r  
by  o m i t t i n g  th em . T h e s e  a e r a t i o n  d e v i c e s  w ere  l o c a t e d  a t  
t h e  b o t to m  o f  one s i d e  o f  t h e  U-Tube f o r  S y s te m s  I ,  I I  and
i l l
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I l l  w h i l e  I n  S y s tem  IV ,  t h e y  w e re  p o s i t i o n e d  n e a r  t h e  t o p .
T h e  o p e r a t i n g  c o n d i t i o n s  w e re  v a r i e d  b y  c h a n g i n g  a i r f l o w  
r a t e s ,  w a t e r  d e p t h ,  w a t e r  f lo w  r a t e s ,  a n d  d i f f u s e r  l o c a t i o n .
R e s u l t s  a r e  r e p o r t e d  i n  t e r m s  o f  tw o s e p a r a t e  a e r a t i o n  
e f f i c i e n c i e s ,  E a n d  E p ,  w i t h  E b e i n g  t h e  r a t e  o f  o x y g e n  t r a n s ­
f e r r e d / r a t e  o f  oxygen  s u p p l i e d ,  g i v e n  i n  p e r c e n t ,  an d  t h e  
m ore  i m p o r t a n t  Ep b e i n g  t h e  r a t e  o f  o x y g e n  t r a n s f e r r e d / u n i t  
p o w e r  i n p u t ,  g iv e n  i n  I b / k w h r ,  The d i f f e r e n t  s y s te m s  d e s ­
c r i b e d  a b o v e  a r e  co m p ared  u n d e r  t h e s e  e f f i c i e n c i e s  a n d  i t  i s  
f o u n d  t h a t ,  w i t h i n  t h e  l i m i t a t i o n s  o f  t h i s  w o rk .  S y s te m  I I I  
i s  t h e  m o s t  e f f i c i e n t .  H ow ever ,  w i t h  c e r t a i n  im p ro v e m e n ts  i n  
t h e  d i r e c t i o n  o f  S y s te m  IV ,  t h e  p o s s i b i l i t y  d e f i n i t e l y  e x i s t s  
t h a t  t h i s  s y s te m  may p r o v e  m ore  e f f i c i e n t  t h a n  S y s te m  I I I .  
I n d e e d ,  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  w ork  i n v i t e  f u r t h e r  
s t u d i e s  i n  t h i s  f i e l d .
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I -  INTRODUCTION
An I m p o r t a n t  s t e p  i n  t h e a c t i v a t e d  s lu d g e  p r o c e s s  o f  
w a s t e  t r e a t m e n t  i s  t o  a e r a t e  t h e  m ix ed  l i q u o r .  N ot o n ly  d o e s  
i t  s u p p ly  oxygen  f o r  a e r o b i c  b i o l o g i c a l  d e c o m p o s i t i o n  o f  
o r g a n i c  m a t t e r  a n d  p r o v i d e  m ix in g  t o  k e e p  t h e  f l o e  i n  
s u s p e n s i o n ,  b u t  i t  c a n  a l s o  d i r e c t l y  o x i d i z e  c e r t a i n  t y p e s  
o f  w a s te  t o  a  m ore s t a b i l i z e d  fo rm . One o f  t h e  m e th o d s  u s e d  
f o r  a e r a t i o n  i s  d i f f u s e d  b u b b le  a e r a t i o n .  The c o s t  o f  com­
p r e s s i n g  a i r  c o n s t i t u t e s  t h e  l a r g e s t  p o r t i o n  o f  o p e r a t i n g  
c o s t s  i n  a n  a c t i v a t e d  s l u d g e  s y s te m .  T h e r e f o r e ,  a n y  im p ro ­
v e m e n t i n  t h e  e f f i c i e n c y  o f  t h e  a e r a t i o n  p r o c e s s  w ould  
c e r t a i n l y  r e d u c e  t h e s e  o p e r a t i n g  c o s t s .
T h i s  p r o c e s s  i n v o l v e s  t h e  d i f f u s i o n  o f  a i r ,  i n  t h e  fo rm  
o f  b u b b l e s ,  t h r o u g h  s m a l l  o p e n in g s  i n t o  t h e  l i q u i d .  T h e se  
o p e n in g s  o r  o u t l e t s  a r e  u s u a l l y  l o c a t e d  n e a r  t h e  b o t to m  an d  
a l o n g  one s i d e  o f  t h e  t a n k .  B e c a u se  o f t h e  r e s u l t i n g  low  
d e n s i t y  o f t h e  a i r - w a t e r  m i x t u r e  a b o v e  t h e  a i r  o u t l e t s ,  a s  
w e l l  a s  t h e  d i r e c t i o n  o f  l i q u i d  f l o w ,  a  r i s i n g ,  c i r c u l a t i n g ,  
s p i r a l  m o t io n  o f  t h e  m i x t u r e  r e s u l t s  t h r o u g h o u t  t h e  e n t i r e  
t a n k .  T h i s  c i r c u l a t o r y  m o t io n  k e e p s  t h e  a c t i v a t e d  s lu d g e  
f l o e  i n  s u s p e n s i o n .  The a i r  b u b b l e s  a l s o  p r o v id e  t h e  
n e c e s s a r y  oxy g en  n e e d e d  b y  t h e  b i o l o g i c a l  s u s p e n s i o n  i n  t h e  
s y s te m .
The k ey  t o  t h e  e f f i c i e n c y  o f  oxygen  t r a n s f e r  i n  t h i s
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s y s te m  I s  t h e  d e t e n t i o n  t im e  o f  t h e  b u b b l e  i n  t h e  l i q u i d .
I f  t h e  a i r  b u b b l e s  a r e  h e l d  i n  c o n t a c t  w i t h  t h e  l i q u i d  f o r  
e x t e n d e d  p e r i o d s  o f  t i m e ,  t h e n  one  s h o u ld  e x p e c t  h i g h e r  
e f f i c i e n c i e s  f ro m  t h e  s y s t e m .  I n  t h i s  s t u d y ,  i n s t e a d  o f  t h e  
c o n v e n t i o n a l  t a n k ,  a  U -T ube p l u s  r e c i r c u l a t i n g  r e s e r v o i r  
t y p e  a p p a r a t u s  was e m p lo y e d ,  w i t h  s p e c i f i c  p r o v i s i o n  t o  
pump w a t e r  a g a i n s t  a i r  b u b b l e  m ovem ent, t h e r e b y  k e e p i n g  them  
i n  l o n g e r  c o n t a c t  w i t h  w a t e r .  H o w ev er ,  i t  i s  r e a l i z e d  t h a t  
t h e  p u m p in g  o f  w a t e r  i n v o l v e s  a d d e d  c o s t  a n d  s h o u ld  b e  
c o n s i d e r e d  i n  d e t e r m i n i n g  t h e  a e r a t i o n  e f f i c i e n c y .
W h ile  c o n d u c t i n g  s t u d i e s  on a  f u l l - s c a l e  a e r a t i o n  t a n k ,  
B e w tra  (1 )  n o t e d  t h a t  a n  a i r  b u b b l e  i s  c a r r i e d  w i t h  t h e  
l i q u i d  s t r e a m ,  a g a i n s t  b u o y a n t  f o r c e s ,  i f  t h e  l i q u i d  v e l o c i t y  
was g r e a t e r  t h a n  t h e  t e r m i n a l  v e l o c i t y  o f  b u b b l e  r i s e .  
C o n s e q u e n t l y ,  t h e  a i r  b u b b l e  s t a y s  i n  c o n t a c t  w i t h  t h e  l i q u i d  
f o r  a  l o n g e r  p e r i o d  o f  t im e  a n d  i n c r e a s e s  t h e  o x y g en  t r a n s f e r .  
T h i s  l e a d  t o  t h e  s u g g e s t i o n  t o  u s e  a  s y s te m  i n  w h ic h  t h e  a i r  
c o u ld  b e  d i f f u s e d  i n t o  a  l i q u i d  s t r e a m  m ov ing  downward w i t h  
f lo w  v e l o c i t i e s  r a n g i n g  f ro m  " l e s s  th a n *  t o  ' g r e a t e r  th a n *  
t h e  t e r m i n a l  v e l o c i t y  o f  t h e  a i r  b u b b l e s .  The a e r a t i o n  b a s i n  
w ou ld  s t i l l  r e m a in ,  i n  f a c t ,  a  c r o s s - s e c t i o n  o f  a  c o n v e n t i o n a l  
t a n k  b u t  w i t h  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s .
R e c e n t l y ,  S p e e c e  (2 )  h a s  i n v e s t i g a t e d  t h e  U -Tube a e r a t i o n  
s y s t e m ,  u s i n g  o r d i n a r y  t a p  w a t e r  a n d  v a r i o u s  s i z e  b u b b l e  
d i s p e n s e r s ,  a n d  h a s  recom m ended i t  a s  t h e  m o s t  e c o n o m ic a l
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a e r a t i o n  s y s te m  a v a i l a b l e  f o r  s a t u r a t i n g  w a t e r .  H o w ev er ,  i t  
m u s t  b e  k e p t  i n  m ind  t h a t  h e  u s e d  a n  o p e r a t i n g  d e p t h  o f  
40 f t . ,  m ore  t h a n  t w i c e  a s  l a r g e  a s  c o n v e n t i o n a l  t a n k s .
He h a s  s t a t e d  t h a t  t h e  o x y g en  t r a n s f e r  econom y a n d  t h e  
c a p i t a l  c o s t  o f  U -Tube t y p e  o x y g e n a t i o n  s y s te m s  a p p e a r  t o  b e  
c o m p e t i t i v e  w i t h  c o n v e n t i o n a l  a e r a t i o n  s y s t e m s ,  w h ic h  c a n  
o n l y  t r a n s f e r  o x y g en  e c o n o m i c a l l y  t o  w a t e r  w i t h  lo w  D i s s o l v e d  
O xygen c o n c e n t r a t i o n s .  More r e c e n t l y ,  S p e e c e  (4 )  em p lo y ed  
a n  a e r a t i o n  ch am b er  w i t h  e x p a n d i n g  c r o s s - s e c t i o n  a n d  w a t e r  
m o v in g  dow nw ard . The a i r  b u b b l e s  a r e  e n t r a p p e d  i n  t h i s  
i n v e r t e d  c o n e  a n d  p r o v i d e  p r o l o n g e d  c o n t a c t  t i m e ,  a n d  s u b s e ­
q u e n t l y  i n c r e a s e  i n  o x y g e n  t r a n s f e r .
T h e r e f o r e ,  t h e  p u r p o s e  o f  t h i s  i n v e s t i g a t i o n  w as t o  
s t u d y  t h e  c l o s e d - l o o p  d i f f u s e d  a e r a t i o n  s y s t e m ,  u s i n g  b o t h  
c o u n t e r - a n d  c o - c u r r e n t  a i r - w a t e r  f l o w ,  a n d  t o  c o m p a re  t h e  
p e r f o r m a n c e  u n d e r  d i f f e r e n t  c o n d i t i o n s  o f  o p e r a t i o n  w i t h  
d e p t h s  c l o s e r  t o  c o n v e n t i o n a l .  W ith  t h e  p ow er  f o r  p u m ping  
w a t e r  a d d e d  t o  t h a t  f o r  c o m p r e s s i n g  a i r ,  a  c a r e f u l  s t u d y  o f  
e f f i c i e n c i e s  was c o m p le te d  t o  s u g g e s t  t h e  m o s t  e c o n o m ic a l  
s y s t e m ,  i n  t e r m s  o f  o x y g e n  t r a n s f e r r e d ,  p o w er  i n p u t ,  and  
t o t a l  o p e r a t i n g  c o s t s .
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I I -  METHOD FOR COMPUTING THE ABSORPTION 
OF OXYGEN IN WATER
A l l  c o m p u ta t i o n s  i n  t h i s  s t u d y  a r e  b a s e d  on L e w is  a n d  
Whitman* (9 )  " Two F i lm  " t h e o r y  o f  g a s  t r a n s f e r  a n d  t h e  
a d a p t i o n  o f  t h e i r  s t u d y  i n  c o m p u t in g  oxy g en  a b s o r p t i o n  r a t e s  
i n  w a t e r  by  I p p e n  e t  a l .  ( 1 0 ) .  I n  m e a s u r in g  o x y g en  a b s o r p ­
t i o n  r a t e s ,  a  q u a n t i t y  o f  w a t e r  i s  f i r s t  d e o x y g e n a te d  u n t i l  
t h e  d i s s o l v e d  oxy g en  i s  r e d u c e d  t o  a p p r o x i m a t e l y  z e r o .  A e r ­
a t i o n  i s  t h e n  b e g u n  a n d  t h e  r a t e  o f  o x ygen  u p t a k e  i s  d e t e r ­
m in e d ,  u s i n g  t h e  f o l l o w i n g  r e l a t i o n ,  f i r s t  p r e s e n t e d  by  
I p p e n  e t  a l  ( 1 0 ) :
do  1 0 ^
d t  W
Kj^ A(Ci-C]^ ) (1)
w h e re  = R a te  o f  c h a n g e  o f  d i s s o l v e d  o x y g en  c o n c e n -
d t
t r a t i o n  i n  t h e  l i q u i d ,  m g / l / h r ;
W = W e ig h t  o f  w a t e r  i n  a e r a t i o n  s y s te m ,  l b , ;
2
A = I n t e r f a c i a l  o r  a b s o r b i n g  a r e a ,  f t . ;
= L i q u i d  d i f f u s i o n  c o e f f i c i e n t ,  l b .  o x y g en
2
p e r  h o u r  p e r  f t ,  p e r  u n i t  c o n c e n t r a t i o n  
d i f f e r e n c e  i n  m g / l ;
C l = E q u i l i b r i u m  c o n c e n t r a t i o n  o f  o x y g en  a t  t h e  
p h a s e  i n t e r f a c e ,  mgA (a ssu m ed  t o  b e  s a t u ­
r a t i o n  v a l u e  a t  m id - d e p th  o v e r  d i f f u s e r ) ; 
and
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= C o n c e n t r a t i o n  o f  o x y g e n  i n  t h e  l i q u i d  a t  
t i m e  t ,  m g / i .
Upon i n t e g r a t i o n ,  t h i s  r e l a t i o n  becom es 
-, Ci-Co 10^
w h e re  C© = I n i t i a l  c o n c e n t r a t i o n  o f  o x y g e n  i n  l i q u i d ,
m g / l ,  ( f o r  p l o t t i n g  p u r p o s e s ,  t h e  a x i s  i s  
a d j u s t e d  s o  t h a t  C@ = 0 a t  t  = 0 ; t h u s  
(C ^-C q) = C l  = s a t u r a t i o n  a t  m i d - d e p t h  
o v e r  d i f f u s e r s ) ;  a n d  
( C i - C l )  = Oxygen s a t u r a t i o n  d e f i c i t  i n  t h e  l i q u i d ,  
m g / l .
By p l o t t i n g  . v s .  t im e  on  s e m i - l o g  p a p e r ,  t h e
C i-CL
v a l u e  — -------  Kl A i s  d e t e r m i n e d  f ro m  t h e  s l o p e  o f  t h e  p l o t -
2.30W
t e d  v a l u e s .  F i g u r e  21 show s a  t y p i c a l  p l o t .
T h u s ,  _ s l o p e  X 2 . 3 0  x  (C i -Cl ) .
d t
I f  Cl  i s  t a k e n  a s  z e r o ,  t h e  r a t e  —É 2_ i s  t h e n  t h e  r a t e
d t
o f  o x y g e n  a b s o r p t i o n  i n t o  t h e  w a t e r  i n  mg/l / h r  a t  z e r o  d i s ­
s o l v e d  o x y g e n .  The e q u a t i o n  t h e n  b e c o m e s ,
-  s l o p e  X 2 ,3 0  X C l ( 3 )d t
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T h i s  v a l u e  o f  C i ,  c a l c u l a t e d  a t  m i d - d e p t h  o f  v e r t i c a l  
t r a v e l  f ro m  t h e  d i f f u s e d  a i r  o u t l e t s ,  i s  o b t a i n e d  f ro m  Cg 
a f t e r  c o r r e c t i n g  f o r  b o t h  a t m o s p h e r i c  t e m p e r a t u r e  a n d  p r e ­
s s u r e  o f  w a t e r  a c c o r d i n g  t o  t h e .  f o l l o w i n g  e q u a t i o n  g i v e n  
i n  S t a n d a r d  M eth o d s  ( 1 1 ) ;
C i  = Cg -----  . m g / l  (4 )
7 6 0 - p
w h e re  Cg i s  t h e  s o l u b i l i t y  a t  ?60 m,m, m e r c u r y ,  P i s  a n y  
o t h e r  b a r o m e t r i c  p r e s s u r e  ( m .m . ) ,  a n d  p i s  t h e  p r e s s u r e  
(m .m ,)  o f  s a t u r a t e d  w a t e r  v a p o u r ,  a t  t h e  t e m p e r a t u r e  o f  t h e  
w a t e r .  S i n c e  p i s  s m a l l  a s  co m p ared  t o  P a n d  c a n  b e  i g n o r ­
ed  ( 1 1 , p g  4 0 9 ) ,  t h e  e q u a t i o n  becom es
C i  % Cg  i   % Cg  760+Hg
760 ® 760
w h e re  Hg i s  t h e  m i d - d e p t h  o f  v e r t i c a l  t r a v e l  o f  t h e  a i r  
b u b b l e  f ro m  t h e  o u t l e t  i n  m.m, o r
(1+ H«
34
w i t h  Hg i n  f e e t .
S i n c e  i g  t h e  r a t e  o f  o x y g e n  a b s o r p t i o n  i n t o  w a t e r
( m g / l / h r ) , t h e n  t h e  q u a n t i t a t i v e  r a t e  o f  o x y g en  t r a n s f e r  
c a n  be  d e t e r m i n e d  f ro m  t h e  f o l l o w i n g  r e l a t i o n ;
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
= _É 2_  X W X 1 0 - 6   ^ i b / h r .  ( 5 )
w h ere  W = t o t a l  w e i g h t  o f  w a t e r  a e r a t e d ,  i n  l b .
The r a t e  o f  o x y g en  s u p p l i e d  t o  t h e  s y s te m  i s  o b t a i n e d  
f ro m  t h e  r e l a t i o n
Rg = 1 . 0 5  Qa , l b / h r .  ( 6 )
w h ere  i s  t h e  r a t e  o f  a i r  f l o w  i n  c fm , a t  s t a n d a r d  c o n d i t ­
i o n s  a n d  1 . 0 5  i s  a  c o n v e r s i o n  f a c t o r  d e t e r m in e d  f ro m  t h e  
w e i g h t  o f  a  c u b i c  f o o t  o f  a i r ,  t h e  p e r c e n t a g e  o f  o x y g en  i n  
a i r ,  a n d  t h e  t i m e .  T he  f i r s t  tw o f a c t o r s  w e re  o b t a i n e d  f ro m  
t h e  C h e m ic a l  E n g i n e e r s '  H andbook ( 1 3 ) .
From t h e  tw o r a t e  v a l u e s ,  R q a n d  R g ,  one  fo rm  o f  a e r a ­
t i o n  e f f i c i e n c y ,  E ,  c a n  b e  d e t e r m i n e d  f ro m
E = R a t e  o f  O xygen T r a n s f e r r e d  % ^  ( 7 )
R a t e  o f  Oxygen S u p p l i e d
A e r a t i o n  e f f i c i e n c y  i s  a l s o  r e p o r t e d  i n  t e r m s  o f  r a t e  o f  
o x y g en  t r a n s f e r r e d  p e r  u n i t  p o w er  i n p u t ,
E„ = —  ----------------- , I b / k w h r .  (8 )
^  Pa+PW
w h ere  Pg^  i s  t h e  t h e o r e t i c a l  p o w e r ;  i n  KW, r e q u i r e d  t o  com­
p r e s s  a i r  an d  Py i s  t h e  w a t e r  po w er  s u p p l i e d ,  i n  KW, The 
a i r  pow er i s  d e t e r m in e d  f ro m  t h e  e q u a t i o n  g i v e n  by B e w t r a ( l ) ,
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8P a  = 7430
H^+34  0 .2 8 6  -
L_ 34 f t - l b / h r .
7 4 3 0 x 0 ,7 4 6
3 3 ,0 0 0
Q■A
% Hy+34 ^ 0 .2 8 6
<— 3 4  > -1 KW
= 0 .1 6 8 / HT+34  ^ 0 ,2 8 6  T KW ( 9 )
w h ere  i s  t h e  w a t e r  h e a d  o r  su b m e rg e n c e  o f  t h e  a i r  o u t l e t s ,  
i n  f t . ,  a n d  i s  i n  c fm .
P y , t h e  w a t e r  po w er  s u p p l i e d  t o  t h e  s y s t e m ,  i s  a  f u n c - - 
t i o n  o f  t h e  d i f f e r e n t i a l  h e a d , A H  i n  f e e t ,  on tw o s i d e s  o f  
t h e  p a r t i t i o n  w a l l ,  a n d  t h e  w a t e r  f l o w  r a t e  Qy, i n  USGPM,, 
a n d  i s  f o u n d  f ro m  t h e  r e l a t i o n
Pw =
■(Q^x.1 3 3 6 ) XAH X 6 2 . 4  X 0 .7 4 6  
33,000
= 1 .8 8 5  X 1 0 - 4 KW ( 10)
T h i s  i s  t h e  b a s i c  h y d ro p o w e r  e q u a t i o n ,  a d a p te d  t o  o u r  
s y s t e m ,  u s e d  i n  f l u i d  d y n a m ic s  a n d  h y d r a u l i c  f lo w  s t u d i e s .
A t y p i c a l  c a l c u l a t i o n ,  e m p lo y in g  a l l  o f  t h e  r e l a t i o n s  
a n d  q u a n t i t i e s  d i s c u s s e d  a b o v e ,  i s  shown i n  A p p en d ix  B,
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Ill- DESCRIPTION OF APPARATUS
The a s s e m b le d  a p p a r a t u s ,  a s  shown, i n  F i g u r e  1 , was 
a c t u a l l y  a  s e c t i o n  t h r o u g h  a  c o n v e n t i o n a l  a e r a t i o n  t a n k .  The 
h o l d i n g  t a n k  a t  t h e  t o p ,  4 ^  f t ,  x  2 f t ,  x l i  f t . ,  was made o f  
p l e x i g l a s s  w i t h  3 / 8 "  t h i c k  w a l l s  a n d  1 / 2 "  t h i c k  f l o o r .  T he  
e n t i r e  t a n k  was r e i n f o r c e d  w i t h  a n  a n g l e  i r o n  f r a m e .  T h e r e  
was a  r e m o v a b le ,  c e n t r e ,  p l e x i g l a s s  p a r t i t i o n  a n d  tw o s i n g l e  
t u b e  m a n o m e te r s ,  c a l i b r a t e d  i n  i n c h e s ,  w e re  f a s t e n e d  on t h e  
o u t s i d e  o f  t h e  t a n k .  T h e s e  m a n o m e te r s  w e re  c o n n e c t e d  t o  two 
t a p s  a t  t h e  b o t to m  o f  t h e  t a n k ,  one  on  e i t h e r  s i d e  o f  t h e  
p a r t i t i o n ,  a n d  w e re  u s e d  i n  r e a d i n g  h e a d  d i f f e r e n t i a l  w h e re  
a p p l i c a b l e .  Two 4 ^ "  d i a m e t e r  h o l e s  w e re  d r i l l e d  i n  t h e  b o t ­
tom  o f  t h e  t a n k ,  one on  e i t h e r  s i d e ,  i n  w h ic h  a  6 i n c h  s e c ­
t i o n  o f  1 / 4 "  t h i c k ,  4 "  d i a m e t e r  p l e x i g l a s s  t u b i n g  was p e rm a ­
n e n t l y  f i t t e d  a s  b a s e  c o n n e c t i o n s .  To t h e s e  p e r m a n e n t  f i x ­
t u r e s  w e re  f a s t e n e d  t h e  s e c t i o n s  o f  p l e x i g l a s s  t u b i n g ,  w h ic h  
w e re  e a s i l y  i n t e r c h a n g e a b l e  t o  v a r y  t h e  h e i g h t .  T h e se  s e c ­
t i o n s  o f  p l e x i g l a s s  t u b i n g  w e re  i n  2 f t ,  l e n g t h s ,  1 / 4 "  t h i c k ,  
w i t h  a  4"  i n t e r n a l  d i a m e t e r ,  a n d  f i t t e d  w i t h  5 / 8 "  p l e x i g l a s s  
f l a n g e s  a t  e i t h e r  e n d .  Once a s s e m b l e d ,  t h e s e  t u b e s  w ere  
f i t t e d  w i t h  4"  c o p p e r  e lb o w s  a t  t h e  e n d ,  w i t h  a n o t h e r  p l e x i ­
g l a s s  b a s e  t u b e  i n  b e t w e e n .  One o f  t h e  e lb o w s  w as f i t t e d  
w i t h  a  t a p  f o r  e a s y  d r a i n a g e .  When c o m p l e t e l y  a s s e m b l e d ,  t h e  
a p p a r a t u s  r e s e m b le d  a  c l o s e d - l o o p  c o n f i g u r a t i o n  a s  i n  F i g u r e  
1 ,  c o n s i s t i n g  o f  a  U -Tube p l u s  w a t e r  r e c i r c u l a t i n g  r e s e r v o i r
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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v o i r  a t  t h e  t o p .
R e c i r c u l a t i o n  was a c c o m p l i s h e d  b y  u s i n g  l o n g  s e c t i o n s  
o f  2^" d i a m e t e r  c o p p e r  p i p e ,  f i t t e d  w i t h  a  J e n k i n s  f lo w  c o n ­
t r o l  v a l v e ,  a n d  w i t h  a  l o w - h e a d ,  c i r c u l a t i o n  pump, h a v i n g  a  
p u m ping  c a p a c i t y  o f  100 USGPM. W here t h e  c o p p e r  p i p e  e n t e r ­
ed t h e  b a s e  o f  t h e  t a n k ,  t h e  c o n n e c t i o n  was made w i t h  a  r u b ­
b e r  j o i n t  a n d  c l a m p s ,  t o  r e d u c e  v i b r a t i o n s  f ro m  t h e  pump. 
A l s o ,  t h e  p i p i n g  was c la m p e d  t o  t h e  s u p p o r t i n g  s t e e l  f r a m e  
a t  s e v e r a l  l o c a t i o n s  f o r  a d d e d  s u p p o r t .  S p e c i a l  b o l t e d  
h o o k s  c o n n e c t e d  a t  t h e  b o t to m  o f  t h e  p l e x i g l a s s  t u b i n g  a l o n g  
w i t h  a  c h a i n  c o n n e c t e d  a t  t h e  t o p  o f  t h e  f ra m e  g av e  n e e d e d  
s u p p o r t  t o  t h e  w a t e r - f i l l e d  U -T u b e ,
I n t o  one o f  t h e  2 f t .  l e n g t h s  o f  p l e x i g l a s s  t u b i n g  w e re  
f i t t e d  b o t h  t h e  a i r  o u t l e t s  a n d  t h e  o x y g e n  p r o b e .  F o u r  a i r  
o u t l e t s  were, i n s e r t e d  3 i n c h e s  f ro m  t h e  end o f  t h e  t u b e  a n d  
w e re  s im p ly  com posed o f  s m a l l ,  t h r e a d e d ,  1 / 8 "  d i a m e t e r  c o p p e r  
t u b e s  t o  w h ic h  d i f f u s e r s  c o u l d  b e  s c re w e d  i f  d e s i r e d .  T h e s e  
w e re  c o n n e c te d  by  Tygon  f l e x i b l e  t u b i n g  t o  t h e  a i r  f lo w  m e t e r  
an d  a i r  s u p p ly  l i n e  a s  d e s c r i b e d  l a t e r .  N e a r  t h e  o t h e r  end  
o f  t h e  same t u b e ,  a  s p e c i a l  r e i n f o r c e d  h o l e  was d r i l l e d ,  
l a r g e  en o u g h  t o  be  f i t t e d  w i t h  t h e  o x y g en  p r o b e  u s e d  i n  t h i s  
s t u d y ,  w h ic h  i n  t u r n  was c o n n e c t e d  by  a  s p e c i a l  i n s u l a t e d  
w i r e  t o  a  G a lv a n ic  C e l l  O xygen A n a l y z e r  and  a n  e l e c t r o n i c ,  
a u t o m a t i c  r e c o r d e r .  T h e se  i n s t r u m e n t s  a r e  d i s c u s s e d  f u r t h e r .
I n t o  one o f  t h e  o t h e r  2 f t .  t u b e s  t o  be  u s e d  on t h e
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o t h e r  s i d e  o f  t h e  a p p a r a t u s  w e re  f i t t e d  b o t h  a  s t a n d a r d ,  
p i t o t  t u b e ,  a t  i t s  c e n t r e ,  a n d  a n  a d d i t i o n a l  f i t t i n g  f o r  a n  
o x y g en  p r o b e .  The 1 /8 "  p i t o t  t u b e  w as c a p a b l e  o f  m e a s u r in g  
w a t e r  v e l o c i t i e s  up  t o  a  v e r y  h i g h  r a n g e  a n d  was c o n n e c t e d ,  
t h r o u g h  T ygon  t u b i n g ,  t o  a  p r e - c a l i b r a t e d ,  s l o p i n g  manom­
e t e r .  C a l i b r a t i o n  was g i v e n  i n  f t / s e c .  The o t h e r  r e i n f o r c e d  
h o l e ,  f o r  f i t t i n g  a n  a d d i t i o n a l  p r o b e ,  was p r o v i d e d  s o  t h a t  
d i s s o l v e d  o x y g en  r e a d i n g s  c o u l d  b e  t a k e n  on e i t h e r  s i d e  o f  
t h e  s y s te m  o r  on  b o t h  s i d e s  s i m u l t a n e o u s l y .
T he  r a t e  o f  w a t e r  c i r c u l a t i o n  t h r o u g h  t h e  pump was m e a s ­
u r e d  t h r o u g h  a n  o r i f i c e  p l a t e ,  p l a c e d  b e tw e e n  tw o  t a p p e d  
f l a n g e s  c o n n e c t e d  t o  a  p r e - c a l i b r a t e d  r e s e r v o i r  t y p e  manom­
e t e r .  The s p e c i f i c a t i o n s  o f  t h e  e q u ip m e n t  u s e d  a r e  g i v e n  
b e lo w .
RECORDING INSTRUMENTS
A i r f l o w  M e te r :  The a i r  o u t l e t s  f o r  d i f f u s e r s  w e re  c o n ­
n e c t e d  t h r o u g h  a n  a i r f l o w  m e t e r  t o  a  c o n s t a n t - p r e s s u r e , com­
p r e s s e d - a i r ,  s u p p ly  l i n e .  T he  m e t e r  was a  L ab  C r e s t ,  Mark I I I  
m odel ( 4 4 8 - 3 2 4 ) ,  d i s t r i b u t e d  by  F i s h e r  S c i e n t i f i c  C o . .  I t  o p ­
e r a t e d  on a  b a l l  f l o a t  s y s te m  a n d  h a d  a  c a p a c i t y  o f  m e a s u r ­
em en t f o r  a i r  o f  9 0 0 . 0 - 2 3 , 4 0 0 . 0  c c / m i n ,  a t  s t a n d a r d  c o n d i t ­
i o n s ,  w i t h  a  1 /4 "  s t a i n l e s s  s t e e l  f l o a t .  The a i r  f lo w  r a t e s  
w e re  o b t a i n e d  fro m  a  c a l i b r a t i o n  c u r v e  (//C 658 I 6 ) s u p p l i e d  
b y  t h e  m a n u f a c t u r e r .
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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D i s s o l v e d  Oxygen A n a ly z e r  a n d  R e c o r d e r » The G a lv a n ic  
C e l l  Oxygen A n a ly z e r  (#  6 8 8 5 0 ) was made by  P r e c i s i o n  S c i e n ­
t i f i c  Co. a n d  was c a p a b l e  o f  m e a s u r i n g  b o t h  t e m p e r a t u r e  and  
d i s s o l v e d  o x y g e n .  I t  h ad  a  t e m p e r a t u r e  m e a s u r i n g  c a p a c i t y  
o f  0 - 50*0  a n d  a n  oxy g en  m e a s u r i n g  c a p a c i t y  o f  0 -4 5  m g / i  on 
tw o s c a l e s .  The o x ygen  p ro b e  was a  s i l v e r  c a t h o d e - l e a d  
a n o d e  ty p e  a n d  was u s e d  e x c l u s i v e l y  w i t h  t h e  ab o v e  i n s t r u ­
m e n t .  The e l e c t r o n i c  r e c o r d e r  u s e d  was a n  H i t a c h i - P e r k l n -  
E lm e r  t y p e ,  No. I 6 5 , w i t h  a  maximum g ra p h  w i d t h  o f  10 i n c h e s  
a n d  a  c h a r t  s p e e d  r a n g e  o f  5 -2 4 0  mm/min. ( s e e  F i g u r e  2 ) .
W a te r  V e l o c i t y  M e te r :  T h e  1 / 8 "  p i t o t  t u b e ,  o b t a i n e d
f ro m  U n i t e d  S e n s o r  C o r p . , was c o n n e c t e d  t o  a n  i n c l i n e d - t u b e , 
t y p e  m a n o m e te r ,  M eriam No, 4o GD 10 WM-3, w h ic h  u s e d  a  b l u e  
f l u i d  o f  s p e c i f i c  g r a v i t y  1 . 7 5  a s  t h e  i n d i c a t i n g  l i q u i d .
I t  w as p r e - c a l i b r a t e d  a n d  h ad  a  m e a s u r in g  c a p a c i t y  o f  0 - 3 .9 5  
f t / s e c .
W a te r  F low  M e te r :  The tw o  t a p p e d  f l a n g e s ,  w i t h  t h e
o r i f i c e  p l a t e  i n s e r t e d  b e tw e e n  th em , w ere  c o n n e c t e d  t o  a  w e l l  
t y p e  m a n o m e te r ,  M eriam  No, 30 EA 1 5 ,  w h ic h  u s e d  m e rc u ry  a s  
t h e  i n d i c a t i n g  f l u i d .  I t  h ad  a  v e r t i c a l  r a n g e  o f  12 in c h e s  
a n d  was c a l i b r a t e d  i n  USGPM w i t h  t h e  f o l l o w i n g  c a p a c i t i e s :
0 -3 0  USGPM when u s i n g  o r i f i c e  t a n g  p l a t e
#  D -15562
B o re  = 0 ,8 4 ?  i n c h e s  
a n d  P i p e  D ia m e te r  = 2 j " ,
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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0 -1 0 2  USGPM w hen u s i n g  o r i f i c e  t a n g  p l a t e
#  D- 1 5 5 6 1
B o re  = 1 ,4 8 4  i n c h e s  
a n d  P i p e  D ia m e te r  = 2 § " ,
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ith out p erm issio n .
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IV -  EXPERIMENTAL PROCEDURE
The f o l l o w i n g  g e n e r a l  p r o c e d u r e  was em ployed  i n  a l l  o f  
t h e  e x p e r i m e n t s  c o n d u c t e d .
B e f o r e  a c t u a l  e x p e r i m e n t a t i o n ,  t h e  o x y g e n  p ro b e  was 
c a l i b r a t e d  by means o f  a  s t a n d a r d  m eth o d  i n c o r p o r a t i n g  t i t ­
r a t i o n  by  t h e  W in k le r  M ethod , A l s o ,  i f  w a t e r  f lo w  m e a s u re ­
m e n ts  w e re  t o  b e  t a k e n ,  t h e  p r o p e r  o r i f i c e  p l a t e  was i n s t a l ­
l e d  i n  t h e  r e t u r n  p i p e  l i n e .  T h e n  a l l  l i n e s  f o r  a i r f l o w ,  
w a t e r  f l o w ,  a n d  w a t e r  v e l o c i t y  w e re  c o n n e c t e d  t o  t h e i r  r e ­
s p e c t i v e  m a n o m e te r s .  The a i r  l i n e s  a n d  c o n n e c t i o n s  w ere  
c h e c k e d  f o r  l e a k s  b e f o r e  e a c h  e x p e r i m e n t a l  r u n .
C i t y  w a t e r  was u s e d  t o  f i l l  up  t h e  e x p e r i m e n t a l  s y s te m .  
T he  a i r  s u p p ly  was o p e n e d  a n d  t h e  r e c i r c u l a t i o n  pump, i f  
c a l l e d  f o r  i n  t h e  e x p e r i m e n t ,  was t u r n e d  o n .  B o th  a i r  and  
w a t e r - f l o w s  w e re  a d j u s t e d  t o  t h e i r  d e s i r e d  v a l u e s  a n d  t h e  
s y s t e m  was a l l o w e d  t o  s t a b i l i z e .  W h ile  w a i t i n g  f o r  t h i s  t o  
o c c u r ,  t h e  w a t e r  l i n e s  l e a d i n g  f ro m  t h e  p i t o t  t u b e  a n d  o r i ­
f i c e  f l a n g e s  w ere  c o m p l e t e l y  " b l e d "  t o  rem ove a i r  b u b b l e s .  
Once t h e  a i r - w a t e r  s y s te m  was s t a b i l i z e d ,  en ough  sod ium  
s u l f i t e  was a d d e d  t o  t h e  w a t e r  t o  c o m p l e t e l y  d e p l e t e  t h e  
o x y g en  c o n t e n t .  T hen  t h e  oxy g en  p r o b e  was c o n n e c t e d  t o  t h e  
g a l v a n o m e t e r ,  w h ic h  i n  t u r n  was c o n n e c t e d  t o  t h e  a u t o m a t i c  
r e c o r d e r .  The t e m p e r a t u r e  o f  t h e  w a t e r  w as o b t a i n e d  f rom  a 
m e rc u ry  th e r m o m e te r  s u s p e n d e d  a t  a p p r o x i m a t e l y  m id - d e p th  i n
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
17
t h e  s y s t e m .  W ith  t h e  e x p e r i m e n t  now i n  c o m p le te  o p e r a t i o n ,  
a l l  n e c e s s a r y  m an o m ete r  r e a d i n g s  w e re  t a k e n  w h i l e  t h e  r e c o r ­
d e r  a u t o m a t i c a l l y  p l o t t e d  a  g r a p h  s h o w in g  t h e  c h a n g e  i n  d i s ­
s o lv e d  o x y g e n  c o n c e n t r a t i o n  w i t h  t i m e .  The e n t i r e  s t u d y  w as 
d i v i d e d  i n t o  t h e  f o l l o w i n g  f o u r  a e r a t i o n  s y s te m s  a s  shown 
a l s o  i n  F i g u r e  3:
A - SYSTEM I  -  S im p le  W a te r  C olum n.
C o n d i t i o n s :  a )  B l i n d  f l a n g e  i n s e r t e d  3" b e lo w  a i r  o u t ­
l e t s  i n  p l e x i g l a s s  t u b i n g ,  t h u s  f o r m in g  
co lu m n  o f  w a t e r  o n l y .
b )  U s in g  t h e  i n t e r c h a n g e a b l e  2 f t .  p l e x i ­
g l a s s  t u b i n g s ,  h e i g h t s  o f  2 f t .  t o  8 f t .  
w e re  u s e d .
c )  A i r f l o w  r a t e s  b e tw e e n  0 ,1 0  a n d  0 .5 0  cfm  
w e re  e m p lo y e d .
d )  A i r  o u t l e t s  w e re  l o c a t e d  3" a b o v e  b o t to m  
o f  c o lu m n .
e )  R e c i r c u l a t i n g  t a n k  r e m a in e d  em p ty ,
SYSTEM I I  -  C i r c u l a t i o n  W i th o u t  P um ping
C o n d i t i o n s :  a )  C e n t r e  p a r t i t i o n  w as rem oved f ro m  t h e
t a n k ,  t h u s  a l l o w i n g  c i r c u l a t i o n  t o  o c c u r  
t h r o u g h  t h e  c l o s e d - l o o p .
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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b) H e i g h t s  o f  co lum n s e c t i o n s  v a r i e d  b e tw e e n  
4  f t .  t o  8 f t .
c )  A i r f l o w  r a t e s  b e tw e e n  0 ,1 0  a n d  0 .5 0  cfm 
w e re  e m p lo y e d .
d )  A i r  o u t l e t s  w ere  l o c a t e d  3" a b o v e  b o t to m  
o f  l a s t  2 f t .  co lum n ( j u s t  a b o v e  c o p p e r  
e l b o w ) .
e )  D e p th  o f  w a t e r  i n  t a n k  was 1 f t .
SYSTEM I I I  -  C i r c u l a t i o n  W ith  P um ping .
C o n d i t i o n s :  a )  C e n t r e  p a r t i t i o n  was i n  p l a c e  i n  t h e
t a n k ,  t h u s  a l l o w i n g  r e c i r c u l a t i o n  by 
m eans o f  t h e  pump t h r o u g h  t h e  2 f "  d ia m ­
e t e r  c o p p e r  p i p e .
b )  H e i g h t s  o f  co lum n s e c t i o n s  v a r i e d  b e t ­
w een  4  f t .  a n d  8 f t .
c )  A i r  o u t l e t s  w e re  l o c a t e d  3" a b o v e  b o t ­
tom o f  l a s t  2 f t .  co lu m n .
d )  A i r f l o w  r a t e s  b e tw e e n  0 .1 0  a n d  0 .3 0  cfm 
w e re  e m p lo y e d .
e )  W a te r  was pumped a g a i n s t  t h e  f lo w  o f  a i r  
b u b b l e s  w i t h  t h e  a v e r a g e  v e l o c i t y  o f  t h e  
w a t e r  k e p t  l e s s  t h a n  t h e  v e l o c i t y  o f  t h e
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b u b b l e ,  l e ,  .
f )  W a te r  f l o w  r a t e s  o f  5 -1 5  USGPM w ere  
e m p lo y e d .
g) D e p th  o f  w a t e r  i n  t a n k  i n i t i a l l y  was 
8 i n c h e s .
h ) Head d i f f e r e n t i a l  r e a d i n g s  w e re  t a k e n  
f ro m  t h e  m a n o m e te rs  f i x e d  on t h e  s i d e  
o f  t h e  t a n k ,
SYSTEM IV -  C i r c u l a t i o n  W ith  P u m p in g .
C o n d i t i o n s :  a )  C e n t r e  p a r t i t i o n  was i n  p l a c e  i n  t h e
t a n k .
b )  H e i g h t s  o f  c o lu m n  s e c t i o n s  v a r i e d  b e t ­
w een  4  f t .  a n d  8 f t .
c )  A i r  o u t l e t s  w e re  l o c a t e d  9" b e lo w  t h e  
b o t to m  o f  t h e  t a n k ,  n e a r  t h e  t o p  o f  t h e  
s y s t e m ,
d )  A i r f l o w  r a t e s  b e tw e e n  0 .1 0  an d  0 .3 0  cfm 
w e re  em p lo y e d .
e )  W a te r  was pumped s o  t h a t  t h e  a i r  w a t e r  
m i x t u r e  moved i n  t h e  same d i r e c t i o n ,  i e ,  
t h e  a v e r a g e  v e l o c i t y  o f w a t e r  was k e p t  
g r e a t e r  t h a n  t h e  v e l o c i t y  o f t h e  b u b b l e ,  
V^ > V-|^  , on t h e  a i r  o u t l e t  s i d e  o f  t h e
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s y s t e m .
f )  W a te r  f l o w  r a t e s  o f  5 1 -8 0  USGPM w e re  
e m p lo y e d .
g) D e p th  o f  w a t e r  i n  t a n k  i n i t i a l l y  w as 
8 i n c h e s .
h )  Head d i f f e r e n t i a l  r e a d i n g s  w e re  t a k e n  
f ro m  t h e  m a n o m e te r s  f i x e d  on t h e  s i d e  
o f  t h e  t a n k .
I n i t i a l l y  t h e  e x p e r i m e n t s  w e re  c o m p le te d  w i t h  t h e  a i r  
i n t r o d u c e d  t h r o u g h  1 / 8 "  d i a m e t e r ,  t h r e a d e d  c o p p e r  t u b e s .  
S u b s e q u e n t l y ,  t h e  e n t i r e  s e r i e s  o f  e x p e r i m e n t s  w e re  r e r u n  
w i t h  p o r o u s  d i f f u s e r s ,  t o  s e e  t h e  e f f e c t  o f  t h e  n a t u r e  o f  
t h e  d i f f u s e r s  on t h e  r e s u l t s .  T h e s e  d i f f u s e r s  w ere  s p h e r i ­
c a l ,  p o r o u s ,  a i r  s t o n e s  t h a t  c o u l d  b e  s c re w e d  t o  t h e  c o p p e r  
t u b e s .
B -  EFFECT OF OXYGEN PROBE POSITION ON OXYGEN TRANSFER RATE 
VALUES.
An i n v e s t i g a t i o n  w as u n d e r t a k e n  t o  d e t e r m i n e  i f  t h e r e  
was a n y  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  o x y g en  t r a n s f e r  r a t e  
on tw o o p p o s i t e  s i d e s  o f  t h e  U -Tube p a r t  o f  t h e  a p p a r a t u s .
As m e n t io n e d  e a r l i e r ,  p r o v i s i o n  h ad  b e e n  made i n  t h e  a p p a ­
r a t u s  t o  i n s e r t  tw o  o x y g en  p r o b e s  s i m u l t a n e o u s l y .  The f i r s t ,  
l a b e l l e d  P ro b e  A, was l o c a t e d  on t h e  d i f f u s e r  o r  a i r  o u t l e t
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arm  o f  t h e  U-Tube p o r t i o n ,  w h i l e  t h e  o t h e r ,  c a l l e d  P ro b e  B, 
was l o c a t e d  on t h e  o p p o s i t e  arm  o f  t h e  U -T ube . The oxygen  
t r a n s f e r  r a t e s  a s  o b t a i n e d  f ro m  b o t h  s i d e s  a r e  co m p a re d ,  
f o r  t h e  v a r i o u s  s y s t e m ,  i n  T a b le  1 .
S i n c e  t h e  v a r i a t i o n  i n  r e p r o d u c a b i l i t y  o f  t h e s e  e x p e r i ­
m e n ta l  r e s u l t s  i s  e x p e c t e d  t o  be  ± 5^» i t  c a n  b e  s e e n  t h a t  
t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  oxygen  t r a n s f e r  
r a t e s  on o p p o s i t e  s i d e s  o f  t h e  U -Tube p o r t i o n ,  e v e n  u n d e r  
d i f f e r e n t  a i r f l o w  r a t e s  a n d  h e i g h t s  o f  t h e  s y s te m .  The p r o b e ,  
t h e r e f o r e ,  c o u ld  b e  p l a c e d  on  e i t h e r  s i d e  o f  t h e  a p p a r a t u s  
w i t h  c o n f i d e n c e  t h a t  no  a p p r e c i a b l e  d i f f e r e n c e  w ould  b e  ob­
t a i n e d  i n  t h e  o x y g e n  t r a n s f e r  v a l u e s .
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T a b le  1 : C o m p a r iso n  o f  Oxygen T r a n s f e r  R a t e s  
F o r  D i f f e r e n t  P r o b e  P o s i t i o n s
SYSTEM AND 
RUN No.
AIRFLOW RATE 
(c fm )
OXYGEN TRANSFER RATE -  m g A / h r
PROBE A PROBE B % DIFFERENCE
I I
I I
I I
I I
I I
24
25
26
27
28
0.10
0 . 2 0
0 .3 0
0 .4 0
0 .5 0
1 7 .5 5
2 9 . 0 0
3 9 .8 0
4 8 .2 0
5 4 . 3 0
1 7 .3 8
3 2 , 0 0
3 9 .2 0
4 8 . 2 0  
5 4 .4 0
0 .9 7
9 . 3 7
1 . 5 1
0 . 0 0
0 .1 8
AVG. = 2 .4 1
I I I
I I I
I I I
I I I
29
30
31
32
0 .1 0
0 .1 0
0 . 1 5
0 . 1 5
3 5 . 9 0
4 0 .5 0
4 7 . 9 0
6 0 .4 0
3 6 . 1 0  
4 0 . 6 5  
4 6 . 6 0  
5 7 . 7 0
0 .5 5
0 .3 7
2 . 7 2
4 . 4 7
AVG. = 2 . 0 3
IV
IV
IV
IV
IV
IV
54w*
55W
56w
66w
67W
68W
0 . 1 0
0 . 1 0
0 . 1 0
0 . 1 5
0 . 1 5
0 . 1 5
4 9 . 1 0
4 5 . 7 0
4 4 .0 0
5 6 .4 0
5 7 .2 0
5 8 . 5 0
4 6 .4 0
4 4 .8 0  
4 2 .6 0
5 3 .8 0
5 3 .4 0  
5 8 . 5 0
5 . 5 0
1 .9 7
3 .1 8
4 . 6 1
6 .6 4
0 . 0 0
AVG.= 3 . 6 5
*' R e p r e s e n t s  S y s te m  W ith  D i f f u s e r s  O m it te d
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V - RESULTS AND DISCUSSIONS
Two s e t s  o f  e x p e r i m e n t s  w e re  p e r f o r m e d ,  one  w i t h  a n d  one 
w i t h o u t  t h e  u s e  o f  d i f f u s e r s  f o r  a e r a t i o n ,  a n d  98 r u n s  w e re  
c o m p le te d  f o r  e a c h  s e t .  The r e s u l t s  o b t a i n e d  w i t h  t h e  u s e  
o f  d i f f u s e r s  e x h i b i t e d  a  g r e a t  d e a l  o f  I n c o n s i s t e n c y ,  d u e  t o  
a  l a c k  o f  c o n t r o l  o f  a i r f l o w  d i s t r i b u t i o n  t h r o u g h  e a c h  d i f f u s ­
e r  a n d  a l s o  d u e  t o  n o n - u n i f o r m  p o r o s i t y  o f  d i f f u s e r s  u s e d .  
C o n s e q u e n t l y ,  t h i s  p r e s e n t a t i o n  o f  d a t a  a n d  d i s c u s s i o n  i s  l i m ­
i t e d  t o  t h e  e x p e r i m e n t s  c o n d u c te d  w i t h o u t  d i f f u s e r s  a s  a e r a ­
t i o n  d e v i c e s .  T h e s e  r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e s  2 
a n d  3 a n d  t h e  c o r r e s p o n d i n g  d a t a  a r e  p l o t t e d  i n  F i g u r e s  4 
t o  1 8 .  The e x p e r i m e n t a l  r e s u l t s  f o r  p o r o u s  d i f f u s e r s  c a n  be  
fo u n d  i n  A p p e n d ix jC  a n d  a  b r i e f  d i s c u s s i o n  a n d  c o m p a r i s o n  o f  
d a t a  i s  i n c l u d e d  a t  t h e  end  o f  t h i s  s e c t i o n .
As m e n t io n e d  e a r l i e r ,  t h i s  s t u d y  was p e r f o r m e d  u n d e r  f o u r  
d i f f e r e n t  s y s t e m s  a n d  t h u s  t h e  r e s u l t s  a n d  o b s e r v a t i o n s  a r e  
l i k e w i s e  d i s c u s s e d  u n d e r  t h e s e  f o u r  s e p a r a t e  s y s t e m s ,  m ak in g  
c o m p a r i s o n s  w h e re  a p p r o p r i a t e .  No a t t e m p t  was made t o  h o ld  
t h e  w a t e r  t e m p e r a t u r e  c o n s t a n t  i n  t h e  e x p e r i m e n t a l  r u n s  s i n c e  
B e w tra  e t  a l .  (8 )  h a v e  p r o v e d  t h a t  f o r  a  g i v e n  a i r f l o w  r a t e ,  
t h e  p r o d u c t s  o f  KlA a n d  C^ (Cl = o ) i n  E q u a t i o n  (1 )  a r e  t h e  same 
f o r  t h e  r a n g e  o f  t e m p e r a t u r e  1 0 - 3 0 ° C .  T h a t  i s ,  e v e n  th o u g h  
Cj, d e c r e a s e s  w i t h  t e m p e r a t u r e ,  t h e  Kj^A v a l u e  i n c r e a s e s  i n  t h e  
same p r o p o r t i o n ,  m a k in g  — ^  c o n s t a n t  t h r o u g h o u t  t h e  g iv e n
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t e m p e r a t u r e  r a n g e .  The t e m p e r a t u r e s  o b s e r v e d  I n  t h i s  w ork  
w e re  w e l l  w i t h i n  t h e  a l l o w a b l e  r a n g e  a n d  t h u s  no co m p en sa ­
t i o n  f o r  t e m p e r a t u r e  e f f e c t  i s  made i n  t h e  f o l l o w i n g  d i s ­
c u s s i o n :
A- DIFFUSERS OMITTED
SYSTEM I  -  S im p le  W a te r  Colum n.
The o p e r a t i n g  c o n d i t i o n s  o f  t h i s  s y s te m  a r e  a l r e a d y  
d e s c r i b e d  on  P ag e  17 a n d  i n  F i g u r e  3 • The r e s u l t s  a r e
p r e s e n t e d  i n  F i g u r e s  4 - 6  • I n  t h i s  s y s t e m ,  t h e  c o lu m n  h e i g h t s
w e re  v a r i e d  f ro m  2 t o  8 f e e t ,  i n  2 f t .  i n c r e m e n t s ,  w h i l e  t h e  
a i r f l o w ,  Q ^, r a n g e d  f ro m  0 .1 0  t o  0 . 5 0  c fm , f o r  e a c h  d e p t h .
B o th  a n d  Vy r e m a in e d  z e r o .
As s e e n  f ro m  F i g u r e s  4  a n d  5 , w i t h  a n  i n c r e a s e  i n  a i r  
o u t l e t  s u b m e rg e n c e ,  Hgv, t h e r e  i s  a n  i n c r e a s e  i n  e f f i c i e n c y ,
E ,  f o r  a  g i v e n  a i r f l o w .  T h i s  i s  o b v i o u s l y  d u e  t o  t h e  i n c r e a ­
s e d  d e t e n t i o n  t im e  o f  t h e  a i r  b u b b le  i n  t h e  w a t e r .  I t  a l s o  
show s t h a t  f o r  one s u b m e rg e n c e  d e p t h ,  t h e r e  i s  o n ly  a  s l i g h t  
d e c r e a s e ,  i f  a n y ,  i n  E w i t h  a n  i n c r e a s e  i n  a i r f l o w .  T h i s  
show s t h a t  t h e  o x y g e n  t r a n s f e r r e d  i s  n o t  p r o p o r t i o n a l  t o  t h e  
o x y g en  s u p p l i e d .
F i g u r e  6 shows t h e  r e l a t i o n s h i p  b e tw e e n  a i r f l o w ,  s u b ­
m e rg e n c e  a n d  r a t e  o f  oxy g en  t r a n s f e r  p e r  u n i t  pow er i n p u t ,
E p .  I t  c a n  be  s e e n  t h a t ,  f o r  a  g i v e n  a i r f l o w ,  t h e r e  i s  a n  
i n c r e a s e  i n  e f f i c i e n c y ,  Ep , when a n  i n c r e a s e  i n  o c c u r s .
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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A g a in ,  f o r  a  c o n s t a n t  H.p, t h e r e  i s  a  s l i g h t  d e c r e a s e  i n  t h e  
r a t e  o f  o x y g e n  t r a n s f e r r e d  p e r  u n i t  pow er i n p u t  w i t h  a n  i n ­
c r e a s e  i n  a i r f l o w ,  w i t h  t h e  r e l a t i o n s h i p  b e i n g  som ew hat l i n ­
e a r  i n  n a t u r e .  B o th  r e s u l t s  a r e  a f f e c t e d  b y  t h e  d e t e n t i o n  
t i m e .
SYSTEM I I  -  C i r c u l a t i o n  W i th o u t  P u m p in g .
The o p e r a t i n g  c o n d i t i o n s  o f  t h i s  s y s t e m  a r e  a l r e a d y  g i v ­
e n  on  P a g e  17 a n d  i n  F i g u r e  3 , w i t h  t h e  r e s u l t s  p l o t t e d
i n  F i g u r e s ?  t o  9 .  The c o lu m n  h e i g h t s  w e re  v a r i e d ,  i n  2 f t .  
i n t e r v a l s ,  b e tw e e n  4- a n d  8 f e e t ,  w h i l e  t h e  a i r f l o w  r a t e s ,  
r a n g e d  f ro m  0 .1 0  t o  0 .5 0  c fm . The w a t e r  f l o w  r a t e ,  Qy, r e ­
m a in e d  z e r o ,  a n d  t h e  p i t o t  t u b e  v e l o c i t y ,  Vp, w as r e c o r d e d .
Vp was a c t u a l l y  e q u i v a l e n t  t o  t h e  n o m in a l  v e l o c i t y ,  V^» a s  
d e f i n e d  l a t e r ,  i . e . ,  Vp = f o r  s y s te m  I I .  The a v e r a g e  wa­
t e r  v e l o c i t y  i n  t h e  a i r - w a t e r  m i x t u r e ,  V ^ , was n o t  m e a su re d  
i n  t h i s  s t u d y .
As i n  s y s te m  I ,  i t  was o b s e r v e d  t h a t  t h e  e f f i c i e n c y  E 
d e c r e a s e d  w i t h  a n  i n c r e a s e  i n  a i r f l o w ,  Q ^, f o r  a  p a r t i c u l a r  
s u b m e rg e n c e  d e p t h ,  a l t h o u g h  t h e  d e c r e a s e  w as m ore p ro n o u n c e d  
i n  t h i s  c a s e .  B u t ,  t h e r e  was o n ly  a  s l i g h t  i n c r e a s e  i n  E 
w i t h  a n  i n c r e a s e  i n  Hrp f o r  a  g i v e n  a i r f l o w ,  a s  s e e n  i n  F i g ­
u r e  7 • The r e a s o n  f o r  t h i s  b e h a v i o u r  i s  once  a g a i n  t r a c ­
ed t o  t h e  d e t e n t i o n  t i m e .  S i n c e  t h e  w a t e r  i n  t h i s  s y s te m  
c i r c u l a t e s  d u e  t o  t h e  a i r f l o w ,  t h e r e  a r e  b o t h ,  v e l o c i t y  o f  
t h e  w a t e r ,  V ^ , a n d  t e r m i n a l  b u b b l e  v e l o c i t y ,  V-y. T h e r e f o r e ,
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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on  t h e  co lu m n  s i d e  w i t h  t h e  a i r  o u t l e t s  n e a r  t h e  b o t to m ,  t h e  
b u b b l e s  a r e  r i s i n g  u n d e r  t h e  i n f l u e n c e  o f  tw o v e l o c i t i e s ,  Vy 
a n d  V^. As t h e  a i r f l o w  i n c r e a s e s ,  t h e  v e l o c i t i e s  i n c r e a s e  
a n d  t h e  d e t e n t i o n  t im e  d e c r e a s e s  a n d  v i c e - v e r s a .  An i n c r e a s e  
i n  H,j f o r  a  g iv e n  a i r f l o w  i n c r e a s e s  t h e  d e t e n t i o n  t i m e ,  b u t  
o n l y  s l i g h t l y ,  a n d  t h e r e f o r e  i n c r e a s e s  E o n ly  s l i g h t l y  a s  
w e l l .  T h i s  e x p l a n a t i o n  i s  s u p p o r t e d  by  F i g u r e  9 , w h ich  i s  a  
p l o t  o f  Vp v e r s u s  a i r f l o w ,  Q^, a t  d i f f e r e n t  d e p t h s  o f  su b m er­
g e n c e ,  Hrp,
F i g u r e  8 shows t h e  r e l a t i o n s h i p  b e tw e e n  Q^, Hip a n d  E p ,  
H e re  a g a i n ,  a s  t h e  a i r f l o w  i n c r e a s e d ,  t h e  r a t e  o f  oxygen  
t r a n s f e r  p e r  u n i t  p o w er  i n p u t  v a l u e  d e c r e a s e d  f o r  a  g iv e n  
s u b m e r g e n c e ,  w i t h  t h e  p l o t s  s h o w in g  a  c u r v i l i n e a r  t e n d e n c y .  
B u t  i n  c o n t r a s t  t o  s y s te m  I ,  f o r  a n y  g i v e n  a i r f l o w ,  t h e  e f f i ­
c i e n c y  Ep d e c r e a s e d  when t h e  s u b m e rg e n c e  H,p i n c r e a s e d .  T h i s  
c a n  be  e x p l a i n e d  by  e x a m in in g  F i g u r e  9 a g a i n  , w h ic h  shows 
t h a t  f o r  a n y  g iv e n  a i r f l o w ,  t h e  v e l o c i t y ,  Vp, i n c r e a s e s  w i t h  
a n  i n c r e a s e  i n  Hip. A l s o ,  Vp i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  
a t  a  g i v e n  d e p t h .  S i n c e  t h e  pow er i n p u t  I n c r e a s e s  s u b s t a n ­
t i a l l y  w i t h  a n  i n c r e a s e  i n  Hp a n d  Q^, a n d  a n  i n c r e a s e  i n  v e ­
l o c i t y  w i t h  d e p th  Hp s e r i o u s l y  r e d u c e s  t h e  i n c r e a s e  i n  d e t e n ­
t i o n  t im e  w i t h  i n c r e a s e d  Hp, t h e  c o m b i n a t i o n  of h i g h e r  pow er 
i n p u t  p l u s  r e d u c e d  i n c r e a s e s  i n  t h e  am ount o f  oxygen  t r a n s ­
f e r r e d ,  r e s u l t s  i n  a  d e c r e a s e  i n  t h e  v a l u e  o f  Ep w i t h  i n c r e a ­
s i n g  Hp a n d  Q^,
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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SYSTEM I I I  -  C i r c u l a t i o n  W ith  P um ping
The s y s te m  was o p e r a t e d  u n d e r  t h e  c o n d i t i o n s  g iv e n  on 
P a g e  19 a n d  i n  F i g u r e  3 » w i t h  t h e  r e s u l t s  p r e s e n t e d  i n
F i g u r e s  10 t o  14  , The c o lu m n  h e i g h t s  w e re  v a r i e d  i n  2 f t ,  
i n t e r v a l s ,  f ro m  4 t o  8 f e e t ,  w h i l e  t h e  a i r f l o w  r a t e s  r a n g e d  
m o s t ly  b e tw e e n  0 .1 0  a n d  0 ,2 0  c fm , w i t h  a  few  r u n s  c o m p le te d  
a t  = 0 , 3 0  c fm . The m o s t  i m p o r t a n t  c o n d i t i o n  i n  t h i s  sy s te m  
was t o  pump w a t e r  a g a i n s t  t h e  a i r  b u b b le  r i s e ,  w i t h  a  c o n t r o l  
on t h e  w a t e r  v e l o c i t y  s u c h  t h a t  r e m a in e d  l e s s  t h a n  a n d  
t h u s  t h e  b u b b le  d i r e c t i o n  w as n o t  r e v e r s e d .  R a t h e r  t h a n  wa­
t e r  f l o w ,  Qy, t h e  r e s u l t s  a r e  g i v e n  i n  t e r m s  o f  t h e  n o m in a l  
w a t e r  v e l o c i t y ,  w h e re  -, w i t h  b e i n g  t h e  i n s i d e
c r o s s - s e c t i o n a l  a r e a  o f  t h e  co lu m n s  ( i n  t h i s  e x p e r i m e n t a l  
s e t - u p ,  a  c o n s t a n t  = 0 ,0 8 7 2  f t , ) ,  a n d  b e i n g  t h e  w a t e r  f l o w  
r a t e  pumped t h r o u g h  t h e  s y s t e m ,  c o n v e r t e d  f ro m  USGPM t o  c f s .  
S i n c e  Vj^, i n  f t / s e c ,  i s  t h e  w a t e r  v e l o c i t y  w hen t h e r e  i s  no  
e n t r a i n m e n t  w i t h  a i r  b u b b l e s ,  t h e n  i t  i s  e q u a l  t o  t h e  w a t e r  
v e l o c i t y  r e c o r d e d  by  t h e  p i t o t  t u b e  i . e . ,  Vp, B e c a u se  o f  
l i m i t a t i o n s  i n  t h e  e q u ip m e n t ,  t h e  u l t i m a t e  V ^, j u s t  h i g h  
enough  t o  c a u s e  a  c o m p le te  s u s p e n s i o n  o r  r e v e r s a l  o f  a i r  b u b ­
b l e s  f l o w ,  i . e . ,  V^ ^  Vy, c o u l d  n o t  b e  o b t a i n e d .  I n s t e a d ,  V^ 
v a l u e s  w e re  a lw a y s  s u c h  a s  t o  c r e a t e  a  c o u n t e r - c u r r e n t  a i r -  
w a t e r  f lo w  i n  t h e  c o lu m n , w i t h  a i r  b u b b l e s  r i s i n g  and  w a t e r  
f l o w i n g  i n  t h e  downward d i r e c t i o n .
B e c a u s e  w a t e r  was pumped th r o u g h  t h e  s y s t e m ,  h ead  d i f -
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f e r e n t i a l s ,  AH, w e re  o b t a i n e d  a n d  r e c o r d e d .  T h i s  h ead  l o s s  
was a l m o s t  c o m p l e t e l y  d u e  t o  t h e  b u l k i n g  e f f e c t  o f  t h e  a i r  
p r e s e n t  i n  t h e  a i r - w a t e r  m i x t u r e  a n d  n o t  d u e  t o  f r i c t i o n .
F o r  e x a m p le ,  i n  s y s te m  A - I I I , r u n  No. 13 W, t h e  t o t a l  d i f f e r ­
e n t i a l  h e a d ,  AH, was 0 .7 3 0  f t .  w h i l e  t h e  l o s s  j u s t  d u e  t o  
f r i c t i o n ,  o b s e rv e d  w i t h  t h e  a i r f l o w  s h u t  o f f ,  was o n ly  0 ,0 2 1  
f t .  T h u s  f r i c t i o n  o r  a n y  o t h e r  f a c t o r s  a l o n g  t h e  c i r c u l a ­
t o r y  s y s t e m  o f  t h e  w a t e r  w e re  o n ly  m in o r  c o n t r i b u t o r s  t o  t h e  
pum ping  h e a d .
F i g u r e  10 a l s o  shows t h a t  f o r  a  p a r t i c u l a r  su b m erg en ce  
a n d  a  c o n s t a n t  V^, a n  i n c r e a s e  i n  a i r f l o w  c a u s e s  a  d e c r e a s e  
i n  e f f i c i e n c y ,  E ,  i n  te rm s  o f  o x y g en  s u p p l i e d  a n d  oxygen  
t r a n s f e r r e d .  I n  o t h e r  w o r d s ,  t h e  i n c r e a s e  i n  o x ygen  t r a n s ­
f e r r e d  i s  n o t  p r o p o r t i o n a l  t o  t h e  i n c r e a s e  i n  o x ygen  s u p p ly ,  
w i t h  t h e  r e s u l t  t h a t  t h e  e f f i c i e n c y  d e c l i n e s .  B u t w i t h  a  
c o n s t a n t  a i r f l o w  a n d  n o m in a l  v e l o c i t y ,  a n  i n c r e a s e  i n  s u b ­
m erg en ce  r e s u l t s  i n  a  l a r g e r  i n c r e a s e  i n  e f f i c i e n c y  a s  comp­
a r e d  t o  t h e  p r e v i o u s  tw o s y s t e m s .  T h i s  c a n  be  e x p l a i n e d  by 
t h e  f a c t  t h a t  i n  t h i s  c o u n t e r - c u r r e n t  f l o w ,  t h e  downward 
w a t e r  v e l o c i t y  r e d u c e s  t h e  r e s u l t a n t  u p w ard  b u b b le  v e l o c i t y ,  
Vb -  Vy, a n d  t h e r e f o r e  t h e  b u b b l e s  a r e  i n  l o n g e r  c o n t a c t  w i t h  
t h e  w a t e r .  T h i s  i n c r e a s e  i n  d e t e n t i o n  t im e  r e s u l t s  i n  a  s u b ­
s e q u e n t  i n c r e a s e  i n  E ,  A l s o ,  when t h e  n o m in a l  v e l o c i t y  i s  
i n c r e a s e d ,  t h e  r e s u l t a n t  b u b b le  v e l o c i t y ,  -  V^, i s  d e c r e a ­
s e d  a n d  t h e  d e t e n t i o n  t im e  i s  i n c r e a s e d  w i t h  a  s u b s e q u e n t  i n ­
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c r e a s e  i n  e f f i c i e n c y .
S i m i l a r l y ,  F i g u r e s  1 1 , 1 2 , 1 3 ,  a n d  14  show t h e  r e l a t i o n ­
s h i p  b e tw e e n  t h e  pow er e f f i c i e n c y ,  E p ,  a n d  a i r f l o w  r a t e s ,
Q^, f o r  v a r i o u s  v a l u e s  o f  a n d  Hrp. T he  r e s u l t s  h a v e  a  
l i n e a r  t e n d e n c y  w i t h  o n ly  m in o r  d i f f e r e n c e s  i n  v a l u e s .  I t  
i s  a n  i m p o r t a n t  o b s e r v a t i o n  i n  F i g u r e s  11 a n d  12 t h a t  a  
d e c r e a s e  i n  Ep r e s u l t s  w i t h  a n  i n c r e a s e  i n  Q^, when Hrp a n d  
Vji a r e  h e l d  c o n s t a n t .  T h i s  o c c u r s  b e c a u s e  Ep i s  a  f u n c t i o n  
o f  b o t h  a i r  p o w e r ,  Pg^, a n d  w a t e r  p o w e r  P ^ .  When t h e  a i r f l o w  
i s  i n c r e a s e d ,  t h e  b u l k  v o lu m e  o f  t h e  s y s te m  i s  i n c r e a s e d  
w i t h  a  s u b s e q u e n t  r i s e  i n  AH. As t h i s  h e a d  d i f f e r e n t i a l  i n ­
c r e a s e s ,  t h e  v a l u e  o f  P^ i n c r e a s e s ,  d e s p i t e  c o n s t a n t  Hrp a n d  
Vjjj a l s o ,  t h e  v a l u e  o f  P^ i n c r e a s e s  p r o p o r t i o n a t e l y  w i t h  a n  
i n c r e a s e  i n  Q ^. T h u s  t h e  co m b in ed  i n c r e a s e s  i n  pow er i n p u t  
f o r  a n  i n c r e a s e  i n  a i r f l o w  o f f s e t s  a n y  m in o r  i n c r e a s e  i n  
o x y g e n  t r a n s f e r r e d ,  w i t h  t h e  r e s u l t  t h a t  t h e  e f f i c i e n c y ,  E p ,  
d e c r e a s e s  p r o p o r t i o n a t e l y .
I t  i s  a l s o  n o t i c e d  t h a t  i n c r e a s i n g  t h e  n o m in a l  v e l o c i t y ,  
a t  a  g i v e n  s u b m e rg e n c e  a n d  a  g i v e n  a i r f l o w  r a t e ,  shows no  
s i g n i f i c a n t  e f f e c t  on t h e  v a l u e  o f  E p .  I n  o t h e r  w o r d s ,  a n y  
i n c r e a s e  i n  d e t e n t i o n  t im e  a n d  s u b s e q u e n t  I n c r e a s e  i n  o x y g en  
t r a n s f e r r e d  i s  o f f s e t  by t h e  i n c r e a s e  i n  w a t e r  pow er s u p p l i e d ,
F i g u r e s  13 a n d  l 4  i n d i c a t e  t h a t ,  i f  a n d  a r e  h e l d  
c o n s t a n t ,  a n  i n c r e a s e  i n  s u b m e r g e n c e ,  H^, c a u s e s  a n  i n c r e a s e  
i n  E p ,  a l t h o u g h  t h i s  i n c r e a s e  i s  n o t  a s  p ro n o u n c e d  a s  i n  t h e
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v a l u e s  o f  E d i s c u s s e d  p r e v i o u s l y  u n d e r  t h i s  s y s te m .  The i n ­
c r e a s e  i n  d e t e n t i o n  t im e  w i t h  d e p t h  i s  som ew hat o f f s e t  by  a  
c o r r e s p o n d i n g  I n c r e a s e  i n  a i r  p o w e r ,  Pg^, w i t h  t h e  r e s u l t  
t h a t  t h e  o v e r a l l  v a l u e  o f  Ep d o e s  n o t  show a s  g r e a t  a n  i n ­
c r e a s e  a s  m ig h t  be  e x p e c t e d  f ro m  t h e  v a l u e s  o f  E d i s c u s s e d  
e a r l i e r ,
SYSTEM IV -  C i r c u l a t i o n  W ith  P um ping
The o p e r a t i n g  c o n d i t i o n s  a r e  a l r e a d y  g i v e n  on P a g e  20 
a n d  F i g u r e  3 , w h i l e  t h e  r e s u l t s  h a v e  b e e n  p l o t t e d  i n  
F i g u r e s  15 t o  18 , The co lum n  h e i g h t s  w e re  v a r i e d  a g a i n ,  
i n  2 f t ,  i n t e r v a l s ,  f ro m  4  t o  8 f e e t  w h i l e  t h e  a i r f l o w  r a t e s  
r a n g e d  f ro m  0 ,1 0  t o  0 ,3 0  c fm . Two i m p o r t a n t  c o n d i t i o n s  e x i s ­
t e d  i n  t h i s  s y s te m ;  o n e ,  t h e  a i r  o u t l e t s  w e re  l o c a t e d  n e a r  
t h e  t o p  o f  t h e  a e r a t i o n  c o lu m n ,  j u s t  b e lo w  t h e  r e s e r v o i r ,  
a n d  s e c o n d ,  t h e  w a t e r  was pumped a g a i n s t  t h e  a i r  b u b b le  f lo w  
w i t h  a  c o n t r o l  on  t h e  w a t e r  v e l o c i t y  s u c h  t h a t  Vy w as g r e a t e r  
t h a n  a n d  t h u s  t h e  b u b b le  d i r e c t i o n  becam e r e v e r s e d .  I t  
w as e x p e c t e d  t h a t  i n  t h i s  s y s te m ,  t h e  b u b b l e s  w ould  r e m a in  
i n  c o n t a c t  w i t h  t h e  w a t e r  t h r o u g h  t h e  e n t i r e  l e n g t h  o f  t h e  
U -Tube p o r t i o n  o f  t h e  a p p a r a t u s  ( s e e  F i g u r e  3 ) ,  t h e r e b y
i n c r e a s i n g  t h e  d e t e n t i o n  t im e  a n d  t h u s  t h e  e f f i c i e n c y ,  Howe-> 
e r ,  t h i s  d i d  n o t  p r o v e  t o  b e  t h e  c a s e  i n  m ost r u n s ,  a s  a  p r e :  
s u r i z e d  h y d r a u l i c  jump was fo rm e d  i n  t h e  b o t to m  h o r i z o n t a l  
p a r t  o f  t h e  s y s te m .  D u r in g  c o n d i t i o n s  o f  low  a i r  an d  w a t e r  
f lo w  r a t e s ,  t h e  downward m ov ing  b u b b l e s  b e g a n  t o  c o a l e s c e  a s
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a s  t h e y  t r a v e l l e d  o v e r  t h e  s h a r p  b e n d ( c o p p e r  e lb o w ) ,  t h e r e b y  
f o r m i n g  a  l a r g e  a i r  p o c k e t  i n  t h e  h o r i z o n t a l  p a r t ,  a n d  s u b ­
s e q u e n t l y  b e i n g  r e l e a s e d  a s  v e r y  l a r g e  a i r  b u b b l e s  i n  t h e  
v e r t i c a l  co lu m n s  on t h e  o p p o s i t e  s i d e .  B u t  a s  a i r  a n d  w a t e r  
f l o w  r a t e s  w e re  i n c r e a s e d ,  t h e  co m b in ed  e f f e c t s  o f  s e p a r a t i o n  
a n d  c e n t r i f u g a l  f o r c e  a t  t h e  e lb o w  p r o d u c e d  a  c o m p le te  p r e s s ­
u r i z e d  h y d r a u l i c  jump i n  t h e  h o r i z o n t a l  t u b e .  T h i s  r e d u c e d  
t h e  e f f e c t i v e  c o n t a c t  t im e  o f  t h e  s m a l l  b u b b l e s  w i t h  t h e  wa­
t e r  t o  one v e r t i c a l  co lu m n  d i s t a n c e  o n l y .  T h e  h y d r a u l i c  jump 
phenom enon  c a n  b e  s e e n  i n  F i g u r e  1 9 ,
B e c a u s e  a n  a i r - w a t e r  m i x t u r e  e x i s t e d  t h r o u g h o u t  t h e  
U -Tube p o r t i o n ,  t h e  v e l o c i t y  a s  m e a s u re d  by  t h e  p i t o t  t u b e  
w as a c t u a l l y  t h e  a v e r a g e  w a t e r  v e l o c i t y  i n  t h e  co lum n  c o n t a i n ­
i n g  t h e  p i t o t  t u b e ,  i , e , ,  Vp was e q u a l  t o  Vy i n  t h e  p i t o t  
t u b e  co lu m n  o f  s y s te m  IV ,  T h i s  v a l u e  o f  Vy was som ew hat d i f ­
f e r e n t  t h a n  t h a t  i n  t h e  o p p o s i t e  c o lu m n , w h e re  t h e  c o n d i t i o n  
o f  Vy g r e a t e r  t h a n  V^ was m a i n t a i n e d ,  b e c a u s e  o f  t h e  d i f f e r ­
e n c e  i n  a i r  b u b b le  s i z e  a n d  a l s o  t h e  r e s u l t i n g  b u l k  v o lu m e .
T h i s  l a t t e r  v a l u e  was n o t  m e a s u r e d ,
i As i n  s y s te m  I I I ,  t h e  v a l u e s  o f  h a v e  b e e n  t r a n s l a t e d  i n  
t e r m s  o f  t h e  n o m in a l  w a t e r  v e l o c i t y ,  V ^, a n d  t h e  d i f f e r e n t i a l  
h e a d  f o r  pum ping  was a g a i n  p r i m a r i l y  d u e  t o  t h e  b u l k i n g  e f f e c t  
o f  t h e  a i r  i n  t h e  w a t e r .  The a c t u a l  AH v a l u e s  e x h i b i t e d  o n ly  
s m a l l  d i f f e r e n c e s  f ro m  r u n  t o  r u n .
S i n c e  t h e  a i r  o u t l e t s  w e re  l o c a t e d  n e a r  t h e  t o p  o f  t h e
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co lum n a n d  t h e  b u b b l e s  moved dow nw ard , t h e  su b m e rg e n c e  Ht  no  
l o n g e r  r e m a in e d  c o n s t a n t  b u t  i t s  v a l u e  c h a n g e d  d i r e c t l y  w i t h  
a  c h a n g e  i n  AH. W h ile  Hgi c h a n g e d  f ro m  r u n  t o  r u n ,  t h e  d i s ­
t a n c e  o f  a i r  b u b b le  t r a v e l ,  f ro m  t h e  o u t l e t  down t h r o u g h  t h e  
co lu m n , r e m a in e d  a  c o n s t a n t  f o r  e a c h  p a r t i c u l a r  co lum n h e i g h t .  
T h e r e f o r e  Hg, w h ic h  i s  s im p ly  t h e  m i d - d e p t h  o f  t h i s  a i r  b u b ­
b l e  t r a v e l ,  was u s e d  a s  a  c o m p a r a t i v e  p a r a m e t e r  i n  p l o t t i n g  
F i g u r e s  15 t o  1 8 .
From F i g u r e  15 , i t  c a n  b e  s e e n  t h a t ,  f o r  a  g i v e n  Hg
a n d  c o n s t a n t  V^, a n  i n c r e a s e  i n  a i r f l o w  r a t e  r e s u l t s  i n  a  d e ­
c r e a s e  i n  e f f i c i e n c y ,  E ,  w i t h  t h e  p l o t  b e i n g  c u r v i l i n e a r  i n  
n a t u r e .  B e c a u se  t h e  a i r - w a t e r  f lo w  i s  c o - c u r r e n t  i n  t h i s  
s y s te m ,  a n  i n c r e a s e  i n  a i r f l o w  r e s u l t s  i n  a n  i n c r e a s e  i n  t h e  
am ount o f  oxy g en  t r a n s f e r r e d .  H ow ever,  t h i s  i n c r e a s e  i s  n o t  
p r o p o r t i o n a l  t o  t h e  i n c r e a s e  i n  o x y g e n  s u p p l i e d  a n d  t h e  o v e r ­
a l l  e f f e c t  i s  a  d e c r e a s e  i n  e f f i c i e n c y .  B u t  when t h e  a i r f l o w  
a n d  n o m in a l  v e l o c i t y  a r e  h e l d  c o n s t a n t ,  a n  i n c r e a s e  i n  Hg 
r e s u l t s  i n  a n  i n c r e a s e  i n  E .  I n  o t h e r  w o rd s ,  a s  t h e  d e p t h  o f  
b u b b le  t r a v e l  i n c r e a s e s ,  s o  d o e s  t h e  c o n t a c t  t im e  an d  t h e  r e ­
s u l t  i s  a n  i n c r e a s e  i n  o x y g e n  t r a n s f e r r e d  f o r  t h e  same r a t e  
o f  o x y g en  s u p p l i e d .
F i g u r e s  16 a n d  17 show t h e  r e l a t i o n s h i p  b e tw e e n  a i r f l o w  
r a t e  a n d  t h e  p ow er  e f f i c i e n c y ,  E p ,  f o r  v a r i o u s  c o n d i t i o n s  o f  
Hg a n d  The p l o t s  show a  s l i g h t  i n c r e a s e  i n  Ep v a l u e s  w i t h
a n  i n c r e a s e  i n  a i r f l o w  r a t e s  w i t h  a  l e v e l l i n g  o f f  a t  t h e
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
54
h i g h e r  f lo w  r a t e s .  H o w ev er ,  i t  c a n  b e  s e e n  t h a t ,  i f  Hg and  
a r e  h e l d  c o n s t a n t ,  a n  i n c r e a s e  i n  c a u s e s  a  d e c r e a s e  i n  
t h e  e f f i c i e n c y ,  E p . T h i s  i s  e x p l a i n e d  b y  t h e  f a c t  t h a t  when 
t h e  n o m in a l  v e l o c i t y  i s  i n c r e a s e d ,  t h e r e  i s  a n  i n c r e a s e  i n  
Vyj a s  w e l l .  S i n c e  t h e  b u b b l e s  move downward w i t h  a  r e s u l t ­
a n t  v e l o c i t y  o f  Vy -  V ^, w h e n e v e r  Vy i n c r e a s e s ,  t h e  r e s u l t ­
a n t  b u b b le  v e l o c i t y  a l s o  i n c r e a s e s  a n d  a  s u b s e q u e n t  d e c r e a s e  
i n  c o n t a c t  t i m e  o c c u r s .  A l s o ,  b e c a u s e  i s  a  f u n c t i o n  o f  
w a t e r f l o w ,  Qy, a n  i n c r e a s e  i n  w a t e r  v e l o c i t y  m eans a  p r o p o r ­
t i o n a l  i n c r e a s e  i n  w a t e r  p o w e r ,  P y .  T h u s  t h e  c o m b i n a t i o n  o f  
d e c r e a s e d  c o n t a c t  t im e  p l u s  i n c r e a s e d  Py r e s u l t s  i n  a n  e x ­
p e c t e d  d e c r e a s e  i n  E p .
I t  i s  a l s o  i n t e r e s t i n g  t o  n o t e  f ro m  F i g u r e s  16 an d  17 
t h a t  i n  c o n t r a s t  t o  t h e  o t h e r  s y s t e m s ,  w hen Hg a n d  a r e  
h e l d  c o n s t a n t ,  t h e r e  i s  a c t u a l l y  a  s l i g h t  i n c r e a s e  i n  Ep 
w i t h  a n  i n c r e a s e  i n  Q^. As m e n t io n e d  e a r l i e r ,  t h e  ch a n g e  i n  
s u b m e rg e n c e ,  H-^, a n d  h e a d  d i f f e r e n t i a l ,  AH, w i t h  c h a n g e  i n  
i s  s m a l l  f o r  a  p a r t i c u l a r  Hg. B e c a u s e  Py i s  a  f u n c t i o n  
o f  an d  AH, i t  w i l l  e x h i b i t  o n ly  a  s m a l l  i n c r e a s e  i n  v a l u e  
when i s  i n c r e a s e d .  A l s o ,  b e c a u s e  P ^  i s  a  f u n c t i o n  o f 
an d  Hgi, i t  w i l l  i n c r e a s e  a l m o s t  p r o p o r t i o n a t e l y  t o  Q^. L i k e ­
w i s e ,  i n  s y s te m  IV ,  t h e  v a l u e  o f  Py i s  much g r e a t e r  t h a n  t h e  
v a l u e  o f  Pg^  ( s e e  e x a m p le .  A p p e n d ix  B ) , a n d  t h u s  a n y  i n c r e a s e  
i n  Pg^  w i l l  n o t  c o n s i d e r a b l y  a f f e c t  t h e  o v e r a l l  p o w er  i n p u t ,
^ a  + P y * T h e r e f o r e ,  b e c a u s e  a n  i n c r e a s e  i n  t h e  am oun t o f  
o x y g en  t r a n s f e r r e d  r e s u l t s  f ro m  a n  i n c r e a s e  i n  a i r f l o w ,  t h i s
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
55
p e r c e n t a g e  i n c r e a s e  i s  o b v i o u s l y  g r e a t  en ough  t o  overcom e 
t h e  c o r r e s p o n d i n g  p e r c e n t a g e  i n c r e a s e  i n  p o w e r ,  w i t h  t h e  
r e s u l t  t h a t  Ep i n c r e a s e s  w i t h  a i r f l o w .  H ow ever, t h i s  i n ­
c r e a s e  i s  l e s s  r a p i d  a s  a p p r o a c h e s  O. 3 0  cfm  a n d  t h e  
g r a p h  l e v e l s  o u t  a s  show n.
I n  F i g u r e  18  , a n  i n t e r e s t i n g  r e l a t i o n s h i p  i s  s e e n  
b e tw e e n  a i r f l o w ,  a n d  t h e  minimum w a t e r  pow er r e q u i r e d  
t o  r e v e r s e  t h e  d i r e c t i o n  o f  a i r  b u b b le  movement f o r  d i f f e r ­
e n t  v a l u e s  o f  Hg* I t  show s t h a t ,  f o r  a  c o n s t a n t  Hg, a n  i n ­
c r e a s e  i n  c a u s e s  a n  i n c r e a s e  i n  t h e  minimum w a t e r  p o w er ,  
P y % a n d ,  f o r  a  c o n s t a n t  Q ^, a n  i n c r e a s e  i n  Hg l i k e w i s e  
c a u s e s  a n  i n c r e a s e  i n  minimum P y . B o th  c a n  b e  e x p l a i n e d  by 
c o n s i d e r i n g  t h e  d i f f e r e n t i a l  h e a d ,  AH. I n  t h e  f i r s t  c a s e ,  
a s  i s  i n c r e a s e d ,  t h e  b u l k  vo lu m e  i s  i n c r e a s e d  a n d  c o n s e ­
q u e n t l y  t h e  d i f f e r e n t i a l  h e a d ,  AH, i s  i n c r e a s e d  p r o p o r t i o n ­
a t e l y ,  e v e n  th o u g h  t h i s  i n c r e a s e  i s n * t  l a r g e .  T h e r e f o r e ,  
a  som ew hat g r e a t e r  w a t e r  f l o w  i s  n e e d e d  t o  overcom e t h e  i n ­
c r e a s e  i n  d i f f e r e n t i a l  h e a d .  S i n c e  Py i s  a  f u n c t i o n  o f  Qy 
a n d  AH, w i t h  a H  b e i n g  t h e  m o s t  i n f l u e n t i a l  f a c t o r ,  a s  
i n c r e a s e s ,  s o  d o e s  t h e  minimum w a t e r  p o w e r ,  P y . I n  t h e  s e ­
c o n d  c a s e ,  a s  t h e  d e p t h  b e lo w  t h e  a i r  o u t l e t s  i s  i n c r e a s e d  
by  t h e  a d d i t i o n  o f  t h e  2 f t .  c o lu m n s ,  e v e n  a  c o n s t a n t  a i r ­
f lo w  r a t e  r e s u l t s  i n  m ore b u b b l e s  b e i n g  p r e s e n t  t h r o u g h o u t  
t h e  co lu m n  h e i g h t .  T h i s  r e s u l t s  i n  a n  i n c r e a s e  i n  t h e  b u lk  
vo lum e a s  w e l l  a s  AH, w i t h  t h e  ad d ed  f a c t  t h a t  t h e  i n c r e a s e  
i n  AH was g r e a t e r  f ro m  one  Hg v a l u e  t o  a n o t h e r  t h a n  i n  t h e
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p r e v i o u s  c a s e .  I n  m o s t  c a s e s ,  t h e  minimum w a t e r  f lo w  o r  
n o m in a l  v e l o c i t y  r e q u i r e d  r e m a in e d  t h e  same h u t  b e c a u s e  AH 
i n c r e a s e d ,  t h e  minimum v a l u e  o f  Py s u b s e q u e n t l y  i n c r e a s e d ,  
s i n c e  Py i s  a  f u n c t i o n  o f  b o t h  Qy a n d  AH.
B-DIFFUSERS EMPLOYED
As m e n t io n e d  e a r l i e r ,  t h e  e n t i r e  s e r i e s  o f  r u n s  was 
r e p e a t e d  u s i n g  d i f f u s e r s  a s  a e r a t i o n  d e v i c e s  a n d  t h e  r e s u l t s  
o b t a i n e d  a r e  p r e s e n t e d  i n  A p p e n d ix  Qj, I t  i s  d i f f i c u l t  t o  
f o r m a l l y  d i s c u s s  t h i s  d a t a  b e c a u s e  t h e  r e s u l t s  show a  g r e a t  
d e a l  o f  i n c o n s i s t e n c y  a n d  s c a t t e r .  T h i s  i s  a t t i b u t e d  t o  se v -  
e r a l  f a c t o r s ;  ( i )  t h e  f o u r  s p h e r i c a l  d i f f u s e r s  w e re  n o t  o f  
u n i f o r m  p o r o s i t y ,  t h e r e b y  a f f e c t i n g  t h e  s i z e  o f  t h e  a i r  b u b ­
b l e s  a n d  ( i l ) ,  i t  w as v e r y  d i f f i c u l t  t o  o b t a i n  e q u a l  a i r f l o w  
r a t e s  t h r o u g h  e a c h  d i f f u s e r  s t o n e .
H ow ever, i t  i s  i n t e r e s t i n g  t o  co m p are  t h e  v a l u e s  o f  
e f f i c i e n c i e s ,  E p ,  o b t a i n e d  u s i n g  t h e  d i f f u s e r s  w i t h  t h e  r e ­
s u l t s  o b t a i n e d  w i t h o u t  d i f f u s e r s .  I n  a l l  t h e  f o u r  s y s te m s  
em p lo y ed ,  t h e  e f f i c i e n c i e s  o b t a i n e d  w i t h  d i f f u s e r s  showed 
c o n s i d e r a b l y  h i g h e r  v a l u e s  o f  E p . ( s e e  T a b le  4 ) .  T h e r e ­
f o r e ,  d e s p i t e  t h e  i n c o n s i s t e n c y  i n  d a t a  c o r r e l a t i o n ,  t h e  
much h i g h e r  e f f i c i e n c y  v a l u e s  s u g g e s t  t h a t  f u r t h e r  work a n d  
im p ro v e m e n ts  u s i n g  t h e  d i f f u s e r s  a s  a e r a t i o n  d e v i c e s  s h o u ld  
b e  c o n d u c t e d .
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V I -  CONCLUSIONS
B a se d  on t h e  r e s u l t s  o f  t h i s  e x p e r i m e n t a l  w o rk ,  w i t h o u t  
d i f f u s e r s ,  t h e  f o l l o w i n g  c o n c l u s i o n s  c a n  be  drawn*
A -  SYSTEM I  -  ( a  co lu m n  o f  w a t e r )
1 .  An i n c r e a s e  i n  s u b m e rg e n c e  r e s u l t s  i n  a n  i n c r e a s e  i n  
e f f i c i e n c y  E ( R a te  o f  o x y g e n  t r a n s f e r r e d / R a t e  o f  oxy­
g en  s u p p l i e d )  i f  t h e  a i r f l o w  i s  k e p t  c o n s t a n t .
2 .  I f  t h e  s u b m e rg e n c e  i s  k e p t  c o n s t a n t ,  t h e r e  i s  a  s l i g h t  
d e c r e a s e  i n  e f f i c i e n c y  E a s  t h e  a i r f l o w  i s  i n c r e a s e d ,  
s h o w in g  t h a t  t h e  r a t e  o f  o x y g e n  t r a n s f e r r e d  i s  n o t  
p r o p o r t i o n a l  t o  t h e  r a t e  o f  o x y g e n  s u p p l i e d .
3 i  An i n c r e a s e  i n  s u b m e rg e n c e  r e s u l t s  i n  a n  i n c r e a s e  i n  
e f f i c i e n c y ,  Ep ( R a te  o f  o x y g e n  t r a n s f e r r e d / u n i t  po w er  
i n p u t )  when t h e  a i r f l o w  i s  h e l d  c o n s t a n t .
4 ,  T h e r e  i s  o n ly  a  s l i g h t  d e c r e a s e  i n  e f f i c i e n c y  Ep f o r  
a  p a r t i c u l a r  s u b m e rg e n c e  i f  t h e  a i r f l o w  i s  i n c r e a s e d .
SYSTEM I I  -  ( c o - c u r r e n t  a i r - w a t e r  f lo w )
1 ,  The e f f i c i e n c y  E d e c r e a s e  w i t h  a n  i n c r e a s e  i n  a i r f l o w ,  
p r o v id e d  t h e  su b m e rg e n c e  i s  k e p t  c o n s t a n t .
2 .  O nly  a  s l i g h t  i n c r e a s e  i n  e f f i c i e n c y  E o c c u r s  w i t h  
a n  i n c r e a s e  i n  d e p t h ,  a t  a  g i v e n  a i r f l o w .
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3« An i n c r e a s e  i n  a i r f l o w  a t  a  p a r t i c u l a r  su b m erg en ce  
c a u s e s  a  d e c r e a s e  i n  e f f i c i e n c y ,  E p .
4 ,  An i n c r e a s e  i n  s u b m e rg e n c e  c a u s e s  a  d e c r e a s e ,  r a t h e r  
t h a n  a n  i n c r e a s e ,  i n  e f f i c i e n c y  Ep f o r  a  g i v e n  a i r ­
f l o w .
SYSTEM I I I  -  ( c o u n t e r - c u r r e n t  a i r - w a t e r  f lo w )
1 .  F o r  a  g i v e n  su b m e rg e n c e  a n d  n o m in a l  v e l o c i t y  Vj^, t h e  
e f f i c i e n c y  E d e c r e a s e s  a s  t h e  a i r f l o w  r a t e  i n c r e a s e s .
2 .  F o r  a  g i v e n  a i r f l o w  a n d  n o m in a l  v e l o c i t y ,  t h e  e f f i c ­
i e n c y  E i n c r e a s e s  s u b s t a n t i a l l y  w i t h  a n  i n c r e a s e  i n  
s u b m e rg e n c e .
3 .  I f  t h e  s u b m e rg e n c e  a n d  a i r f l o w  r a t e  a r e  h e l d  c o n s t a n t ,  
a n  i n c r e a s e  i n  t h e  n o m in a l  v e l o c i t y  i n c r e a s e s  t h e  
e f f i c i e n c y  E .
4 .  A d e c r e a s e  i n  e f f i c i e n c y  Ep o c c u r s  when t h e  a i r f l o w
: i s  i n c r e a s e d ,  f o r  a  p a r t i c u l a r  s u b m e rg e n c e  a n d  nom i­
n a l  v e l o c i t y ,  V ^. T h i s  I n d i c a t e s  t h a t  t h e  i n c r e a s e  
i n  am ount o f  o x y g en  t r a n s f e r r e d  ( l b . )  i s  n o t  p r o p o r ­
t i o n a l  t o  t h e  i n c r e a s e  i n  pow er i n p u t  ( k w h r ) .
5» F o r  a  g iv e n  s u b m e rg e n c e  a n d  a i r f l o w ,  a n  i n c r e a s e  i n  
n o m in a l  v e l o c i t y  c a u s e s  l i t t l e  c h a n g e ,  i f  a n y ,  i n  
t h e  v a l u e  o f  e f f i c i e n c y  Ep .
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6 . I n c r e a s i n g  t h e  s u b m e rg e n c e  r e s u l t s  i n  o n ly  a  s l i g h t  
i n c r e a s e  i n  e f f i c i e n c y  E p ,  a t  a  g i v e n  a i r f l o w  r a t e  
a n d  n o m in a l  v e l o c i t y ,
SYSTEM IV -  ( c o - c u r r e n t  a i r - w a t e r  f lo w )
1 .  I f  t h e  d i s t a n c e  o f  b u b b l e  t r a v e l  o r  w a t e r  d e p t h  b e lo w  
t h e  a i r  o u t l e t s  a n d  n o m in a l  v e l o c i t y  a r e  k e p t  c o n s ­
t a n t ,  a n  i n c r e a s e  i n  a i r f l o w  r a t e  r e s u l t s  i n  a  d e ­
c r e a s e  i n  e f f i c i e n c y ,  E ,  i n d i c a t i n g  t h a t  t h e  i n c r e a s e  
i n  r a t e  o f  o x y g e n  t r a n s f e r r e d  i s  n o t  p r o p o r t i o n a l  t o  
t h e  i n c r e a s e  i n  r a t e  o f  o x y g e n  s u p p l y ,
2 .  I f  t h e  d e p t h  b e l o w  t h e  a i r  o u t l e t s  i s  i n c r e a s e d ,  w h i l e  
m a i n t a i n i n g  a  c o n s t a n t  a i r f l o w  r a t e  a n d  n o m in a l  v e l o c ­
i t y ,  t h e  e f f i c i e n c y  E I n c r e a s e s .
3. I f  d e p t h  b e lo w  t h e  a i r  o u t l e t s  a n d  a i r f l o w  r a t e  a r e  
h e l d  c o n s t a n t ,  a n  i n c r e a s e  i n  n o m in a l  v e l o c i t y  c a u s e s  
a  d e c r e a s e  i n  t h e  e f f i c i e n c y ,  E p .
4 .  I f  d e p t h  b e lo w  t h e  a i r  o u t l e t s  a n d  n o m in a l  v e l o c i t y  
a r e  h e l d  c o n s t a n t ,  a  s l i g h t  i n c r e a s e  o c c u r s  i n  e f f i c ­
i e n c y  E p ,  w hen t h e  a i r f l o w  r a t e  i s  i n c r e a s e d .  T h i s  
i n d i c a t e s  t h a t  t h e  p e r c e n t  i n c r e a s e  i n  am o u n t o f  
o x y g e n  t r a n s f e r r e d  ( l b . )  i s  g r e a t e r  t h a n  t h e  p e r c e n t  
i n c r e a s e  i n  p o w e r  i n p u t  ( k w h r ) .
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B -  GENERAL
1 .  W i t h i n  t h e  l i m i t a t i o n s  o f  t h i s  a p p a r a t u s ,  S y s te m  I I I  
a p p e a r s  t o  be  t h e  m o s t  e f f i c i e n t  i n  t e r m s  o f  t h e  r a t e  
o f  o x y g en  t r a n s f e r r e d  p e r  u n i t  p o w er  i n p u t .  S i n c e  
o p e r a t i o n a l  c o s t  i s  t h e  d e c i s i v e  f a c t o r  i n  m o s t  o p e r a ­
t i o n s ,  o n ly  t h i s  t y p e  o f  e f f i c i e n c y  i s  c o n s i d e r e d .  
H ow ever,  b e c a u s e  S y s te m  IV e x h i b i t e d  t h e  h y d r a u l i c  
jump c h a r a c t e r i s t i c ,  t h e r e b y  r e d u c i n g  i t s  f u l l  p o t e n ­
t i a l ,  e l i m i n a t i o n  o f  t h i s  phenom enon may show S y s tem  
IV t o  b e  t h e  m o s t  e f f i c i e n t ,
2 .  E f f i c i e n c i e s  a r e  much h i g h e r  when d i f f u s e r s  a r e  u se d  
a s  a e r a t i o n  d e v i c e s ,  a l t h o u g h  a  g r e a t  d e a l  o f  i n c o n ­
s i s t e n c y  a p p e a r s  I n  t h e  r e s u l t s .  T h i s  a g a i n  m ig h t  
w a r r a n t  f u r t h e r  w ork  t o  im p ro v e  t h e  r e p r o d u c a b i l i t y  
o f  d a t a ,
3 .  I t  i s  p o s s i b l e  t o  r e p r o d u c e  t h e  d a t a  w i t h i n  ± 5^  a c ­
c u r a c y ,  u n d e r  t h e  o p e r a t i n g  c o n d i t i o n  i n  t h i s  a e r a ­
t i o n  s t u d y  t h a t  d i f f u s e r s  a r e  o m i t t e d .
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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APPENDIX A 
NOMENCLATURE
A = I n t e r f a c i a l  o r  a b s o r b i n g  a r e a  o f  b u b b l e  s u r f a c e ,
f t . 2
An = C o n f i n i n g  a r e a  n o rm a l  t o  f lo w  o f  w a t e r  i n  a e r -
2a t i o n  c o lu m n ,  f t .
Cj  ^ = E q u i l i b r i u m  c o n c e n t r a t i o n  o f  o x y g e n  a t  t h e  p h a s e
i n t e r f a c e ,  m g/1 (a s su m e d  t o  be  s a t u r a t i o n  v a l u e  
a t  m i d - d e p t h  o v e r  d i f f u s e r ) •
Cl  = C o n c e n t r a t i o n  o f  o x y g en  i n  t h e  l i q u i d  a t  t i m e  t ,
m g /1 .
Cl * = R e a d in g  o f  o x y g e n  c o n c e n t r a t i o n  i n  t h e  l i q u i d
a t  t im e  t  f ro m  t h e  r e c o r d e r  p l o t ,  m g /1 .
(C l  -  Cl ) = O xygen s a t u r a t i o n  d e f i c i t  i n  t h e  l i q u i d ,  m g / l .
Cq = I n i t i a l  c o n c e n t r a t i o n  o f  o x y g e n  i n  t h e  l i q u i d ,
m g / l .
Cg = S o l u b i l i t y  o f  o x y g e n  i n  w a t e r  a t  a  s p e c i f i c
t e m p e r a t u r e  a n d  a t  a  t o t a l  p r e s s u r e  o f  ?60 m.m, 
m e r c u r y ,  m g / l .
E = A e r a t i o n  e f f i c i e n c y ,  (R q/ R s x  1 0 0 ) .
Ep = A e r a t i o n  e f f i c i e n c y  i n  t e r m s  o f  r a t e  o f  o x y g en
t r a n s f e r r e d  p e r  u n i t  p ow er  i n p u t ,  i . e . ,  R g /P a + P # ,
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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Ib/kwhr,
Hg = Mid-depth of vertical travel of air bubble from
the outlet, ft.
Hip = Submergence of the air outlets, ft.
a h  = Differential water head over the system, ft.
Kl = Liquid diffusion coefficient, lb. oxygen per
2hour per ft. per unit concentration difference
2
in mg/l , i.e., lb/hr per ft per m g A .
P = Barometric pressure, m.m. mercury.
= Theoretical power required to compress the air, 
Kw •
Py = Water power supplied to the system, K^.
= Rate' of airflow into the water at standard con­
ditions, cfm.
Qy = Water flow rate through the system, U.S.G.P.M.
Rq = Rate of oxygen transferred in water, lb/hr.
R = Rate of oxygen supplied to the water, lb/hr.
= Terminal velocity of rise of an air bubble in 
stationary water, ft/sec.
= Nominal water velocity in aeration column, i.e.,
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Q y/A ^. f t / s e c .  '
Vp = W a te r  v e l o c i t y  a s  m e a s u re d  by  p i t o t  t u b e ,  f t / s e c .
= A v e ra g e  w a t e r  v e l o c i t y  i n  a n  a i r - w a t e r  s t r e a m ,  
f t / s e c .
W = W e ig h t  o f  w a t e r  i n  t h e  a e r a t i o n  s y s t e m ,  l b .
= R a t e  o f  c h a n g e  o f  d i s s o l v e d  o x y g e n  c o n c e n t r a t i o nd t
i n  t h e  l i q u i d ,  m g / l / h r .
p  = P r e s s u r e  (m .m .)  o f  s a t u r a t e d  w a t e r  v a p o u r  a t  t h e
t e m p e r a t u r e  o f  t h e  w a t e r .  .
t  = T im e r e a d i n g s  f ro m  c h a r t  f o r  d i s s o l v e d  oxygen
c o n c e n t r a t i o n ,  m in u te s
(|) = C a l i b r a t i o n  c o n s t a n t  f o r  t h e  o x y g en  p r o b e ,
d i m e n s i o n l e s s .
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APPENDIX B (CONT.)
TYPICAL CALCULATIONS FOR RUN No. 8 - I V .  55 W. 
PERFORMED ON JULY 2 2 ,  1970
Qa  = 
Qw =
0.10 cfm.
68 U .S .G .P .M .
C l = Cg (1  + )
= 8 .7 5  (1  + )
= 9 .8 3  m g / l .
do
dt
SLOPE X 2 . 3 0  X Cl 
1 .9 8  X 2 . 3 0  X 9 .8 3  
4 4 .8  m g A / h r .
. -6do X  W X  1 0
= 4 4 .8  X 44 9  X 1 0 "^  
=  2 . 0 1  X 1 0 ~ 2  lb/hr.
67
R ,  = 1 .0 5  Q,
1 .0 5  X 0 . 1 0  
.105 lb/hr.
P„ = 0 .1 6 8  
= 0.168 X 0.10 
= 0 .0 0 0 2 3  KW.
, Hr+34 0 .2 8 6  ^
V ------/ -134 J
l_ .63+34 ) 0 .2 8 6
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Py = 1 .8 8 5  X 1 0 “^  QyAH
= 1 .8 8 5  X 1 0 - 4  X 68 X .4 4 8  
= 0 .0 0 5 7 4  KW.
^  fa+Pw
2 .0 1 x 1 0 - 2
.0 0 0 2 3 + .0 0 5 7 4  
= 3*37 I b / k w h r .
Ro
E = "TTs ^  100 
2.01x10-2
.1 0 5  
= 1 9 .1 5 ^
X  100
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RUN NO. 5 5  W
.7 4  f t /sec
ÜJ
O
O
I
= 0 1 3 0  , . 0 . 0 9 7  .. , 3 3
'io
SLOPE =-J0
1
Ô
6060 60 6 0 606 06 0
T I M E H O U R S
Figure 21» Semi-Log Plot of Data for Computation 
n f  n r v c r e n  Uotake Rate 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
71
Tt
0
fH1
»
A
0
(0
5
ft
9
M
M
M
OS
M
§
CO
k
to
§
• H
CO
«M
<w
•H
Q
hv4
<
%
CO
+3
(H
?S
CO
Q)
"BcS
CO
g
■H
+3H-lI
a
\o
<DfH
«EH
G O
CQ
I
g
g
O
k
OS
0)
C
M -
< w  O  M
O «M
. t os e a  o s  0). . +3 S  +3
+3 H  to M
M O O  >sM 
P  .Q O to M
to
g
to
g
>
Se>
m
O  <VJ VO O  O  C^ND OMV • • • • •
0 0  V O  N O V O  V T \
(nmco.d-co vT\3r\rvci c~\ • • • • •
O V O V C O  C O
O  O  O  O  f H  V T v C O  O  
V Û  V O  t N -  O v v o  O -  O v  
•  • • • « • • •
O v H i O - r H C O  M  
( V )  f H  r H  M  f H  i H
V0.:±\0 
C O  O  < v l  U ^ O
C v - O t V I  O V O
.rg  O j^ -OO (VI
{V- O-VO VAVTv 00  tS-vO
v O
IfifH
I
rvoo (VI o-cvi
0 0  O v  O V H  O v  • • • • •
0 0  V O  V O  0 - V T \
O  O  0 0  O  (V I  (n,H vrv • • • • •
0 0  C O  ( S - C ^ v o
V O C O O O O O O O O O H Î -  
C v - v D  V O  c v i  v £ )  o  c n  • • • • • « • •
o o o v n o c v a v o v o o -
H  f H
vno jgvocv) o-vo vrvvncjv
•  •  9 •  •
O  O V O O  C ^ v o  
fH
V O  r ^ v o  C O  o -  
. d - 0 0  f H . : ) -  O O
9 9 •  •  •<?v|N-C^ vO VO
VO
0  
0) 
to 
\  +3
Li
1Pk>
O  a :  s
O  ( O V O  t o o
V O  M  V O O V N
9 •  •  9 •
i H  ( V I  ( V I  ( V I  ( O
O O V O V O V O O V O O  
( V - V O  V O . : ) -  V O  V O  V O  t S -
9 9 9 9 9 9 9 9
O O O O O O O O  o
\ 0  V O  ( O V O  C O
. : ) •  ( T v c o v o  00
9 9 9 9 9
f H  f H  CVI CVI CVI
S
è
B
I
c ?
O  s  s
O O O O O O O O
9 9 9 9 9 9  9 9
v o o c v i v o v o o v o t v
f H  i H  r H  i H  r H
o  s  = 5 S O  s  s
C O
a4-101
O  o  o  o  o
H  (VI C ^-d- VO
O O O O O 
i H  ( V I  r o . c i  V O
O O V O V O O O O O
i H H i H r - K V I C v i r O C O
O O O O O 
H  (VI (n < ) -  VO
O  O  o  o  o
H  ( V I  ( 0 . j -  V O
O O O O O  O O O O O  O O O O O O O O  o o o o o  o o o o o
(V I
+3
I
VO
9 :
( V -
vo
(VI
o '
o
o
O v '
V OO-
v o '
V O
C M
O
%
f H  ( M  C O . : ) -  V O VO 0 - 0 0  O V O  
fH
H  ( M  C v - C O  C O . : d -  V O  V O  
f H f H f H f H f H f H i H i H
O v O  fH (VI r o  
rH (VI CM CM CM
. j -  VOVO CVOO 
CM CM CM CM CM
M
M M M
M M M m ( Mt1 1 1 1
< < ! < ml m
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
72
00
fi>
>*
>
o  o  o  o  o  o  ONVAO COCV-CO • • • • • •
v û  c o v o  \ 0  V û
rH rH rH rH iH iH
CM VO rH^ a- CM O-Cv.
# e  * » »
^ a -  fO O O C M  CM
0 - 0 0 .:)- o\oo
VO rH CM rH.d- • • • • •
voo vryVAOOCM 
0 0  o  oo o v v n o
CM O -tN -O O O  ON 
rH rH rH
CM CM VT\
H)- O^CM • • •
CM CM CM
MO
"d0)
gM
1
Ü
vû
(!)
«
Eh
G G ^  O O r \ 
rH C^OOvO (?\ O- • • • • • •
O  C3V0O CO O  o -  
rH rH
O -O -r^ v O  On 
jj- O  o-vo  vn * # « # *00 o-.no vr^xn
. j -  00 . j -  rH CM
cnvo c^cM VO
•  •  a  •  •
rH O - O-VONO 
rH
vnvrvvo VOiCM O 
G ^  CM 0 0 3  rH 
e a a a o a
CM C^C^OO C--VO 
rH rH
O  00 00  
VO rH O  
a a a
O O O 
rH rH rH
VTi
O O O VTiO VP> 
CM C*^ CM CM CM CM 
a a a a  a aO O O O O O o  :  s  = :
c* .^a- 0 0  o  vn 
CMVO OvCM.:)-
a a a a a
rH rH rH CM CM
vno O vno O
rH rH rH O  rH rH
a a a a a a
O O O O O O O
O  VCVO V T \0  VT\ 
a a a a a a
O  CM O  CM O  CM 
r-H rH rH rH rH rH
O  t  ï O s  5
O  V T \ 0  v r v o  V f >
a  a a a a a
O  CM O  CM O  CMI—I I—i I—I (—[ I—i I—1 O  s s
en
O o  vT\vr\o o
f—I I—! (—il—{ CM CM
a a a a a a
O  O  O  O  o  O
o  v n o  v n o
rH H  CM CM en
o o o o o
rH CM c n .^ -  v n
o  o  v n v n o  o
rH rH #—I i—I CM CM
O O O O O  O O O O O  O  O  O  O  O  O
O  v n o  
rH rH CM
O O O
O v n v n o v n
CM O CV CM o c ^
a :  S 3  : a  = =
c n v n v n rH
O v O  rH CM c n  j - v n v o  c ^ o o  CTv O  H  CM m : ) - v n v o  0 - 0 0  O V O H  CM c n
CM m c n c n c n c n c n m m c n c n H t ^  v n v n v n v n
rH M H
M H H
M H i H H H i
1 1 1 1 1
pq O l O O Q l
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
73
%
I
t oF,Q)
t o
<s
•H
>
H
I
+>
to
§
t o
3
«W
A
F,
<
*s
t o+3
iH3
t otU
«
08
t o
§
♦ H
•H
" B0 
Ü
1
( T
0)
(8
&H
O n
I
g
Ü
c8 e 0) ae  3iH
to OP) Ü
g v .
g °k  A
O  H  
8  fO  O
+3 S
t o  o  
to O
O  S <M 
<M ON O
fi
>
00
W
o o o o o o o o o o o o o o o  
Ht H NO ON 00 cn CM is-cM Ht cnnt v n o  00
•  • • • • • • • • • • • • • a
o n o n o  0-.0-00 NO o-c^cM cncM vn o-.cn
r H r - t C M i H i H i H r H r H r H r H r —( H r H i H / H
O  O  O  vnso O O O O O C M O O n t O  
.:tcM o  o  cncncM no vnvnvo c n o . cm nt
a a a a a a a a a a a a a a a
0 0  0 0  m n t  H t  3 - H t  H t  V A O  C M  C M  r H  r H  C M  
i - H r H C M r H r H r H r H r H r H r H r H r H r H r H r H
I
rH
k
O  C M  O N t n O N C ^ O O  N O O - C M  O - v n C M  o o  r H  vncMNOvm>-cM c^vnc^rHOvncjsvncM
a a a a a a a a a a a a a a a
VAHt cnvnnt Ht VAVAHt Ht Ht cn VA VA Ht
Ht o-H t rH NO en C M  o - v n c M  c ^ o c m  v a n o
V A C n  V f V C n v A C M M O  o  0 - C M  N O  C M  C M  V A  V A
a a a a a a a a a a a a a a a
V A H t  H t  V A H t H t  V A V A H t H t H t H t  V A H t H t
NO
0
(U
to
43
<M
1
A>
c n v A o  c n o  o o  o  C M  r - . \ o  v a c m  c m  v a o
N O O H t O C M H t O C M H t H  cnvAcnvAOO
C M  N O  C ^ N O  V A  V A  V A O  0 0  C N - O  N O  N O  0 0  0 0
VA ON CM CN-o c n o  CM c n o  cnnt rH cm Ht
CM en cn cn cn cn cn  cn m c n c n c n c n  cn en cmcm m m m m m m m m m m m m m
VA
S
A
o
to
?
o o o o o o o o o o o o o o o  o o o o o o o o o o o o o o o
H t n t . t ’ COHtHt o  NO Ht .d" O n t  Ht Ht o  
V A N O  C N - V A N O  C n - n O N O  C n - n O n û  C n - n O  [ - - 0 0
c m  H t  H t  n O  H t  H t  O N  N O  H t  C M  C D  H t  C M  0 0  H t  
V A N O  O - vA n O  A - V A  N O  [ - . N O  N O  C ^ n O n O  [ - .
aCm
ü
I
O O O V A V A V A O O O  V A  V A  V A O  O  O  
i H H r H r H r H c H C M C M C M C M C M C M m m m
O  O  O  V A  V A  V A O  O O V A V A V A O O O  
r H H r H H H H C M C M C M C M C M C M m m m
O O O O O O O O O O O O O O O  O O O O O O O O O O O O O O O
m
+3
I
C^ co o  VA A-CONO A-A- m n t  Ht Ht VA VA 
VAvAnOnOnOnûnûnOnD Cn-A-A-C'-A-C--
r H f H r H r H r H f H f H f H i H r H r H i H r H i — I r H
c^ONOcvi r\vn\o cn-cvd^c^c^o\Ono 
V A  V A N O  n D n O n O n O n D n O n O n O n o n D n o  Cn- 
a a a a a a a e a a a a a a a  
r H r H i - H f - H r H r H r H r H r H r H r H r H r H r H r H
C M
+3
I
V A  
A -  
C O  
rH  •
VA
A-
00
m
o
S
H t  v a n û n o  A . œ  A - 0 0  o m H t  v a o  i h  cm
v a v A v a n O n o  N O  V A  V A  V A N O  N O  N O  N û  MO MO
O n O  H  CM m n t  vA nO A  00 0> O  H  CM m  
NO A A A A A A A A A A O O C O O O O O
>
M
I
MO
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
74
ON
00
f i>
i f
o o o o m A C N i o c N j A O  m o o  o  o  o
NO H t NO m n t  A  0 0  CM V T \H  m N O N O  i H n t  
•  • • ■ • • • • • • • • • • a
m n t  C M C M C M i H C M O i H H O O O O  
r H f H i H r H r H r H r H r H i H r H r H r H r H f H r H
ONOHtHtmrHOOrHOmiHiHNOVA
CM NO CM ihvaonvaonacm A tH m m m
a a a a a a a a a a a a a a a
vnmmvPiHt m m nt mmntHt mHtHt
•d(U
§
e
o
o
0)
r H
«
EH
NO
0 0 NO CM CM H t o  o  A 0 0  m o o  m n o o  A
CM VACO VAMO 0 0  NO A G O  A  OO (ON CO 0 0  On
a a a a a a a a a a a a a a a
C M C M C M C M C M C M C M C M C M C M C M C M C M C M C M
O O O O O O O O O O O O O O O
a a a a a a a a a a a a a a a
CM H t H t VA H t H t  ONNO H t O  0 0  H t  CM 0 0  H t 
VANO A  VANO A  VANO A  NO NO A n O n O  A
O O O V A V A V A O O O V A V A V A O O O
H H H H H r H C M C M C M C M C M C M m m m
a a a a a a a a a a a a a a a
O O O O O O O O O O O O O O O
m
NO A O O  ONCJNCM m n t  VA m n t  H t  VA VA VA 
VA VA VA VA VANO NO NO NO Nû NO NO NO NO NO 
a a a a a a a a a a a a a a a  
r H r H i H r H r H r H r H r H r H r H r H r H r H i H r H
VA
A
CO
CM
CM
H t VANO A O O  CîN O  H  CM m n t  VANO A O O  
CO 0 0  00  0 0  00  CO CJnCJnOnCJnOnCOnCîncOnO
>
T
Ht
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
75
8
I-
I
ü 4 
z
LxJ
CD
û:
lü
D<n
0
0
"7T
<Z) //
/ /
/
/
/
/
/
/
A * G
/
/
/
/
DIFFUSERS EMPLOYED  
- S Y S T E M  I .
/ /
/ /
xEyOA 
/
/  /  
/ /
/ /
/ /
/  /
/ /
/ /
/ /
/ /
//
jlJ ________ L
o /
/
oo Qa = 0.10 cfmI = 0.15 I I
«» I I = 0.20 I I
□ □ I I = 0.25 I I
XX I I = 0.30 I I
I I = 0.40 I I
I I = 0.50 I I
8 10 12
EFFICIENCY , E - %
Figure 22, Effect of Diffuser Submergence and Airflow Rate on 
Transfer Efficiency, System I-Diffusers Employed 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
76
I
l i j
>-
Ü
Z
ÜJ
Ü
IJL
Ü.
UJ
9
D IF F U S E R S EMPLOYED
- S Y S T E M8
7
6
7.75 ft.
5 5 .7 5  ft.
4
3
= 5 . 7 5  
= 3 . 7 5  
= 1 . 75
3 .7 5  ft. AA
□ □
1.75 ft. XX
2
0.10 0.20 0.30 0.40 0.50
A I R F L O W ,  -  cfm.
F i g u r e  23» E f f e c t  o f  D i f f u s e r  S u b m erg e n ce  a n d  A i r f l o w  R a t e  on
T r a n s f e r  E f f i c i e n c y ,  S y s te m  I - D i f f u s e r s  Em ployed 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
•d<D
I
mU0
to
d
§
■P(Qkto
0•HO
•H
4 - ,
W
u0
§
PL.
o u_
o X lO to
lo
H =
0  X
O <M O(O
A0N3IDIdd3
00
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .
78
EMPLOYEDD IF F U S E R S
- S Y S T E M  I I .
9 .2 5  ft.
7 .25  ft.
l l  5
= 7 . 2 5
5 . 2 5  ft.
= 5 . 2 5
0.500.30 0.400.200.10
A I R F L O W  , -  c fm.
F i g u r e  25* E f f e c t  o f  D i f f u s e r  S u b m e rg e n c e  a n d  A i r f l o w  R a te  on
Transfer Efficiencv. Am
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
79
•o<D
O
r r )
aM
wuQ)
CO
3<M
4 - ,•H
?
H
g+)mt>>
CQ
Ü<D.HO
•H<w
q-,
W
o
UJ
>
o_l
Q.
S
w
to
oc
UJ
(O3
U.
s
UJ
H-(OX
(O
I
•»- = =
lO lO lO
CM (M CM
0> id S
I I I I I I
1-
X , i /
lO 10 lO 
CVl CM (U
en
II
H
X
N
1
10
1
O
5
6
o
CO
6
si
o
sr
6
o
M
d
o
CM
d
o
6
CM CD CO
JMM>|/qi - dg . ADN3IOIdd3
CM
R ep ro d u ced  with p erm issio n  o f  th e  cop yrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .
80
u
Q)
+>
d
3 s
A
O
Q>
+»
(A
( t i
>o
rH
«H
fH • d
-ri <D
< . k
O
• d H
d A
05 a
w
<Do CO
d fH
0) <0
bû CO
u d
wa <MfH
d p
CO i
M
fH M
0)
CO a
d 0)
<w ■p
CO
k
p CO
<w «
O >5-p■P fH
O Oo
I—1
<D
H >
a
C ^
CM
<D
fH
§ )
ÜH
10 lO lO
C\| OJ w
0) lO
11 I I  I I
oas/u - ‘ d31VM 30 A1I0013A
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
81
18
16
9 ( 1 4
I
ÜJ
>-■'2 
ü 
Z
w  
o
Ü_ 10 ü_
LU
8
D IF F U S E R S EMPLOYED
-  S Y S T E M  I I I .
\  = 7 . 0  ft .
A
Vp = 0 . 2 5 6  f t / sec 
■ " = 0 . 3 ( 9
0 0.10 0.20 0.30
AI RFLOV/  , -  c f m .
F i g u r e  2 8 .  E f f e c t  o f  D i f f e r e n t  O p e r a t i n g  C o n d i t i o n s  on T r a n s f e r
Efficiency, System III-Diffusers Employed 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
82
■d
(D
iH
I
Ed)ra
•H
9
M
M
M
g
(0k
CQ
t>>
§0)
•HÜ
•H<w
W
1—4
OOJo 00CVJ
o
CVJ
6
E«+-
o
<lO o
o
_j
ü_
cr.
o
d
j L j M > j / q | A D N 3 i 0 l d J 3
R ep ro d u ced  w ith p erm iss io n  o f  th e  cop yrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
83
- î
I
• w U <s> m
«H
•H
9
M
M
M
g-Pmt>iK»
>1OA<D
•HOfl<P
w .
!k
o CO CD ^
JL|MM/q| - ‘ ADN3IDIJ33
R ep ro d u ced  w ith p erm iss io n  o f  th e  cop yrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
84
tJ0)>>0
1
COk©(Qd
4-,
hH
?
M
i
■P
COkto
§©f4o-H
4-1M
JM M >i/q | - ‘ A O N 3 I O U d 3
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .
85
ta
ho(0
•H
MH
M
g+>
tak
CQ
•HO
•H
Vf
W
■— I
u.
OCMCOO COCM
E
4 -
O
<
O
3ü.
q:
A0N3IDIdd3
R ep ro d u ced  with p erm issio n  o f  th e  cop yrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .
86
24
DIFFUSERS EMPLOYED
S Y S T E M  IV .22
. 8 9  f t /sec
20 o o  Hg = 4 . 1 8 7 5  ft. 
A A  " = 3 . 1 8 7 5  " 
□  Q "  = 2 . 1 8 7 5  "
4.1875 ft.
3.1875 ft.
2.1875 ft.
0.10 0.20 0.30
AI RF L O W  . -  c f m .
Figure 33» Effect of Different Operating Conditions on Transfer 
Efficiency, System IV-Diffusers Employed 
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
87
•d
iH
I
COk
0)
CO
0
9
>
H
§
-P
CO
t>5
CO
<30
oo\ e
f»
<uv4
0 3 0
t - 4
o•H
«M
w
o oCVIGO
lO
ro
d
in E
S  “
o <
CM O
d
o
in -I 
“  Ü-o gc 
<
o
d
in
o
d
J M M » /q |  -  ^ 3  ‘ AON3IOIJd3
R ep ro d u ced  w ith p erm iss io n  o f th e  cop yrigh t ow n er. Further reproduction  prohibited w ithou t p erm issio n .
8 8
o«
(0
to Oî 
(S> 00
lOro
•d
0)
I
m
U
0)
K l
PS«M«Mfi
>M
§+>
ta
CQ
>>OS3<u
•HO
•H
« M
w
o
u
>-
0
>a . 1-4
5
111
2
111
CO t—
cc CO
111 >-
(O to
3
u . 1
Ü.
Q
10 N
—
11
(0I
S
d
lO ^  
CVI o
d
8
4
O
I
m  I  
d  <
O
d
lOo 
d
o  co
J ijM H/qi
CD ^
'3 ‘ A0N3I0IJJ3
cvj
R ep ro d u ced  with p erm issio n  o f  th e  cop yrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .
89
'dQ)
&
IW
mA0)en
« H«H
•H
>
H
§+>tok
CQ
HCg
Kl
53
%
«
<D 
:—I
I
PP
S
k
U0)
I
P4
AAM -
3Sd3A3d
My ‘ MOI3 319908 WIV 30 N0l l03yi0
01 03310033 33M0d 331VM lAJOlAJiNliAl
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .
90
VIII- REFERENCES
1 ,  B e w tr a ,  J .  K . , " E f f e c t  o f  D i f f u s e r  A r ra n g e m e n t  on
O xygen A b s o r p t i o n  i n  A e r a t i o n  T a n k s . "  D o c t o r a l  
D i s s e r t a t i o n ,  U n i v e r s i t y  o f  I o w a ,  Io w a  C i t y ,  F e b ru -  
a r y  1 9 6 2 ,
2 ,  S p e e c e ,  R . E . , '* U -T ube A e r a t i o n  O p e r a t i n g  C h a r a c ­
t e r i s t i c s . ' *  J o u r n a l  o f  t h e  S a n i t a r y  E n g i n e e r i n g  
D i v i s i o n ,  P r o c e e d i n g s  o f  t h e  A m e r ic a n  S o c i e t y  o f  
C i v i l  E n g i n e e r s ,  J u n e ,  1 9 6 9 .
3* B e w tr a ,  J .  K . , " O xygen U p ta k e  R a t e  i n  W a te r  From
D i f f u s e d  A i r # "  M a s t e r ' s  T h e s i s ,  S t a t e  U n i v e r s i t y  o f  
Io w a ,  Io w a  C i t y ,  I o w a ,  F e b r u a r y ,  I 9 6 O.
4# S p e e c e ,  R . E . , " A e r a t i o n  o f  O xygen -  D e f f i c i e n t
Im poundm ent R e l e a s e s .  " P a p e r  p r e s e n t e d  a t  t h e  F i f t h  
I n t e r n a t i o n a l  W a te r  P o l l u t i o n  R e s e a r c h  C o n f e r e n c e ,  
S a n  F r a n c i s c o ,  C a l i f o r n i a ,  J u l y  -  A u g u s t ,  1 9 7 0 .
5 .  F a i r ,  G. M . , a n d  G e y e r ,  J .  C . ,  " E l e m e n t s  o f  W a te r
S u p p ly  a n d  W a s te -W a te r  D i s p o s a l . "  J o h n  W ile y  a n d  
S o n s ,  I n c . ,  New Y o rk ,  1965»
6 . B e w t r a ,  J .  K . , a n d  N i c h o l a s ,  W. R . , " O x y g e n a t io n
From  D i f f u s e d  A i r  i n  A e r a t i o n  T a n k s . "  R e p r i n t  f ro m  
J o u r n a l  W a te r  P o l l u t i o n  C o n t r o l  F e d e r a t i o n ,  V o l .  3 6 , 
No. 1 0 ,  O c t o b e r ,  1 9 6 4 ,
7 .  M o rg an , P .  F . , a n d  B e w tr a ,  J . K , , " A i r  D i f f u s e r
E f f i c i e n c i e s . "  R e p r i n t  f ro m  J o u r n a l  W a te r  P o l l u t i o n
C o n t r o l  F e d e r a t i o n ,  V o l .  3 2 ,  No. 1 0 ,  O c t o b e r ,  I 9 6 O.
8 .  B e w t r a ,  J .  K . ,  N i c h o l a s ,  W. R , , a n d  P o l k o w s k i , L .  B . ,
" E f f e c t  o f  T e m p e r a tu r e  on Oxygen T r a n s f e r  i n  W a t e r . "  
W a te r  R e s e a r c h ,  V o l .  4 ,  No. 1 ,  J a n u a r y ,  1 9 7 0 .
9 .  L e w is ,  W. K . , a n d  W hitm an , W. G . , " P r i n c i p l e s  o f
Gas A b s o r p t i o n , "  I n d u s t r i a l  a n d  E n g i n e e r i n g  C h e m is t ­
r y ,  V o l .  1 6 , D e c e m b e r ,  1 9 2 4 ,
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
91
1 0 .  I p p e n ,  A. T . ,  C a m p b e l l ,  L .  G . , a n d  C a r v e r ,  C. E . ,
J r . , " The D e t e r m i n a t i o n  o f  O xygen A b s o r p t i o n  i n
A e r a t i o n  P r o c e s s e s . "  M a s s a c h u s e t t s  I n s t i t u t e  T e c h ­
n o l o g y ,  H y d ro d y n a m ic s  L a b .  T e c h .  R e p t ,  No. 7 ,  May, 
1 9 5 2 .
1 1 ,  S t a n d a r d  M ethods  F o r  t h e  E x a m i n a t i o n  o f  W a te r  a n d
W a s te w a te r ,  T w e l f t h  E d i t i o n ,  APHA, New Y o rk ,  M arch ,
1 9 6 6 .
1 2 ,  M o r r i s ,  H. M ,, " A p p l i e d  H y d r a u l i c s  i n  E n g i n e e r i n g . " 
The R o la n d  P r e s s  C o . , New Y o rk ,  1 9 6 3 .
1 3 , P e r r y ,  J .  H . , " C h e m ic a l  E n g i n e e r s '  H an d b o o k ."
Me Graw -  H i l l  Book C o . ,  F o u r t h  E d i t i o n ,  New Y o rk ,
1 9 6 3 .
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
92
VITA AUCTORIS
D o n a ld  S* M a v in ic  was b o r n  i n  D e t r o i t ,  M ic h ig a n  U .S .A . 
on A p r i l  3 ,  1 9 4 6 .  From 1952 t o  1 9 5 9 ,  h e  c o m p le te d  h i s  p r i ­
m ary  e d u c a t i o n  i n  W in d so r  a t  G ordon  Me G r e g o r  a n d  K in g  G eo r­
ge P u b l i c  s c h o o l s .  From I9 6 0  t o  1965» h e  c o m p le te d  h i s  s e c ­
o n d a ry  e d u c a t i o n  a t  W a l k e r v i l l e  C o l l e g i a t e  I n s t i t u t e ,  a l s o  
i n  W in d s o r .  I n  t h e  f a l l  o f  1 9 6 5 ,  he  e n r o l l e d  a t  t h e  U n i v e r s ­
i t y  o f  W in d s o r  i n  t h e  F a c u l t y  o f  A p p l i e d  S c i e n c e  a n d  i n  May, 
1 9 6 9 , h e  g r a d u a t e d  f ro m  t h e  U n i v e r s i t y  o f  W in d so r  w i t h  a  
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U n i v e r s i t y ,  i n  a  p ro g ra m  l e a d i n g  t o  t h e  d e g r e e  o f  M a s t e r  o f  
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